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g ABSTRACT

-~

This volume treats three special bearing types selected for study because of
their favorable stability characteristics and, hence, their potential for use
in high speed rotating machinery applications. The three bearing types ars:

8. The Three Lobe Journal Bearing

b. The Floating Sleeve Bearing with an Incompressible Lubricant

¢. The Fioating Sleeve Bearing with a Compressible Lubricant,

ok : In the floating sleeve bearings. the ring is prevented from rocating but is
otherwise free to move. The ring is floated by pressurizing the outer film
of the bearing. In the case of a compressible lubricant, the inner film is
pressurized as well.

r‘”“w The volume gives extensive design data in form of charts and tables from which
R - the bearing dimensions can be obtained for a given application. Data are given

. for bearing flow, friction power loss and the speed at which hydrodynamic

’ instability sets in. In addition, two computer programs sccompany the volume,

ff"“ and instructions and listings of the programs are included. The programs may
. be used to obtain data for cases not covered by the presented design data.
= This document is subject tu special export controls
jiff and each transmittal to foreign governments or
?%—’ foreign nationals may be made only with prfor approval
%?nf of the Air Force Aero Propulsion Laboratory (AFFL),
fi:i‘ Wright-Patterson Air Force Base, Ohio 45433.
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SYMBOLS

Orifice radius (or radius of laminar restrictor tube), inch
Demping coefficient, lbs.sec/inch ;“/l
Damping coefficient for outer film, lbs.sec/inch -//
Damping coefficients for bearing, lbs.sec/inch
Damping coefficients for beaering, lbs.sec/inch
Dimensionless effective bearing film damping
Radial clearance, inch

Radial clearance for outer film, inch

Discharge coefficient or vena contracta coefficient

Coefficient of friction

Journal diameter, inchea
Dismeter of outer bearing, inch
Feeder hole diameter, inch

Journal center eccentricity, iach

Eccentricity of journal center with respect to bearing

center, inch
Journal center eccentricity, steady-state, inch ;
Friction force, lbs. ;

[*

Radial and tangential components of bearing force, lbs.

Vertical and horizontal components of bearing force, lbs.

Static components of Fx and Fy, 1bs.
- Ft/SW (Appendix I) or = Fr/PaLD (Appendix V)
- rt/sw (Appendix I) or = Ft/P.LD (Appendix v)

Turbulent flow coefficients, see Ref. 1
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) ¢ = G,/6, .
€9+6,+6, Defined by Eq.(A-19), Appendix I "
GO,GI.Gz Defined through Eqs.(E-17) to (E-19), Appendix V
./ " - h3/2 ¢ 1/2 '
7 x
ﬂo,ﬂl,ﬂz Defined by Eq. (A-18), Appendix I
BI,HZ Defined by Eq. (C-56), Appendix III

b Pila thickness, inch
: h - E/c, digensioniesa film thickness o
SR . ) \/:I- )
;m: i 1,3 " Finite diffefence indices, Appendix I i
 ?' 3 = \[:I: Appendix‘V
K Spring coefficienf, 1bs/inch )
‘b Spring coefficient for outer film, lbs/inch . =
e - ‘xx’xiy"yx"yy Spring coefficients for bearing, lbs/inch ) .
K. oK oK oK, Spring coefficients for bearing, lbs/inch !
EB Dimensionless effective bearing fiim stiffness “7—
5 Stiffness of shafﬁ, 1bs/inch
Keff Effective bearing film stiffness, lbs/inch —A
B L Bearing length, inch s
— Lo Length of outer bearing, inch ‘ ;{;
L L, Distance between admission planes, inch
Lz =L - L, inch
4 Length of feeder hole, inch

Journal mass (half rotor mass for rigid rotor), lbs.seczlinch

Mass flow into bearing from one feeder hole, lbs.sec/inch

o:‘ui‘ x

Mass flow through feeder hole orifice, lbs.sec/inch
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Total besring mass flow, lbs.sec/inch

Mass of rotor disc, 1bo.lec2/1nch

Dimensionless mass flow (Eq. (C-13), App. IITor Eq. (E-31),
App.v)

Number of finite difference increments

Rotor speed, rps |

Rotor speed, rpm

Number of feeder holes

Number of finite difference increments on half bearing length
Film pressure, psi

Dimensionless film pressure

Supply pressure, psi

Ambient pressure, psi

Film pressure st rim of feeder hole, psi

Bearing flow, 1nch3/sec

Flow in circumferential directionm, 1nch3/aec.

Side flow, 1nch3/sec.

Dimensionless flow (Eq. (C-47), App.IlXor Eq. (E-40), App. V)
Journal radius, inch

Radius of outer bearing, inch

= pRuC/u, Reynolds number for bearing

= p!d;/u = hke, local Reynolds number for film

Gas constant, 1nch2/gec2 ‘n

Distance of lobe centers from bearing center, 3 lobe bearing,

inch
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Distance of lobe center from bearing center, inch

2
- uNDL(%) /¥, Soumerfeld number

Total temperature of film, “F.
Time, seconds

Static load on bearing, lbs

- P./P., supply pressure ratio
Feeder hole volume

Journal center amplitudes, inch

Axial coordinate, inch

- i , frequency ratio

- azldc, inherent compensation factor

r/C, preload

= rp/c, preload for lobe p

= ¢/C, eccentricity ratio

- eB/C, eccentricity ratio for bearing
Eccentricity ratio for lobe p
Eccentricity ratio, steady-state

= z/R

Angular coordinate, radians

Angular coordinates for leading and trailing edges of lobe,

radians

Angle from load vector to leading edge of lobe, radians

Angle from load vector to trailing edge of lobe, radians

2
= 6uw(%) /Pa’ compressibility number
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Restrictor coefficient for incompressible flow, defined by
Eq. (C-12), App.III For compressible flow, defined by Eq.
(B-33), App.v

Spacing factor (pressure correction factor), Eqs. (E-49)and
(E-50), App.V

Lubricant viscosity, lbs.lecllnchz

Frequency, radians/sec

- L1/D

= LZ/D

Mass density of lubricant, lbs.aeczlinch4

Squeeze number (Eg. (C-8), App.III or Eq. (E-10), App.V)
Dimensionles{ time

Attitude angle, radians

Attitude angle for bearing, radians

Attitude angle, steady-state, radians

Angle between load vector and preload direction for lobe p,
radians

= PH, Appendix I

Defined by Eq. (C-39), Appendix III

Perturbations of ¢y = PH, Appendix I

Defined by Eqs. (E-41) and (E-42), Appendix V

Defined by Eqs. (E-60) and (E-61), Appendix V

Angular speed of rotor, radians/sec.
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Subscripts

Steady-state or static condiéion
Outer film or outer bearing

Lobe number

Conditions in bearing film at rim
In x-divection

In y-direction

Finite difference coordinates

of feeder hole
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: INTRODUCTION

The current treand towards high-speed rotating machinery in many applications ;

has focused attention on the bearings supporting the rotor. Most conventional )
bearings are limited to relatively low speeds for a variety of reasoas such as

operating iifa, high friction power loss and stability, and at the present time
- there is no universal bearing which will eliminate all the problem areas,

The present volume analyzes three special journal bearing types which are ‘ '
- capable of insuring stable rotor operation to rather high speeds. As conéeived, N
the bearings assume low viscosity lubricaants such as a gas or & low viscosity 7 t. ;
fluid (£inst. a liquid metal) in order to hold the friction power loss to an a
acceptable level. The three bearings are intended to provide the designer

of high speed machinery with a greater variety of bearing types to choose from,
a choice which at present is mostly limited to the tilting pad journal bearing.

The volume gives extensive design data in form of charts and tables from which
the dimensions and performance data of the bearings can be obtained. Several
numerical examples are included to illustrate the actual use of the data in i
making & design. Furthermore, two computer programs accompany the volume,

and instructions for uting the programs and listings of the programs are given.

The bearing considered first i. the three lobe bearing which is shown schemat-
ically in fig. 1. This bearing has been used for many years because of its
known ability to suppress instability, but up to this time, no information
has been available on its actual stability limit. Also, data has been lacking

on the iriction power loss and flow of the bearing. The influence on tue
bearing performance of turbulence in the bearing film is included in the
investigation to cover lubricants such as liquid metals which are frequently

used in space power plants or in machinery for nuclear reactors.

The major advantages of the three lobe bearing are that it is relatively simple
in construction, it has no moving parts like a tilting pad bearing or a floating

-1~




. ' . -

sleeve bearing, it can be designed to operate stable at rather high speeds and it

is also able to run with a vertical rotor or a rotor in s zero-g fleld which is

oot possible with conventional cylindrical bearings. The limitations of the bearing
are its inability to accommodate any appreciable shaft misalignment unless
specially mounted, and its relatively high friction power loss,

The second bearing type is of tha floating sleeve variety aand is shown in Pigure

2, It s givcn the name of the hydrodynamic-hydrostatic ring bearing. The ring
inserted between the journal and the outer bearing is prevented from rotating but

is othervise unrestrained. The ring is floated by pressurizing the outer film
through feeder holes in the outer wall., By proper selection of bearing dimensions
and operating parameters, this bearing can be designed to have a very high stability
limit (theoretically, the bearing can be inherently stable if the mass of the

sleeve is ignored). Furthermore, because of its construction the bearing can
accommodate more shaft misalignmeat than the three lobe bearing. It is found, on
the other hand, that to achieve the improved stability it is necessary to have a
relatively big clearance in the outer film which means that the flow requirements

of the bearing are quite high compared to non-pressurized bearings. Also, the
friction power loss of the bearing becomes prohibitive at speeds considerably

lower than the speed at which the bearing would otherwise become unstable such -
that the bearings high speed potential cannot be utilized fully. Even so, the
bearing is a more truly high-speed bearing than the three lobe bearing.

The third bearing type is also a floating sleeve bearing and quite similar to the
one considered above except that both the inner film and the outer film are
pressurized and the lubricant is a gas instead of a liquid. The bearing is called
the hybrid-hydrostatic ring bearing aand is shown in fig. 3. It has the same
desirable stability characteristics as in the previous case and because of the
gaseous lubricant, the friction power loss is not nearly as serious, Heance,

the hybrid-hydrostatic bearing can operate at very high speeds, say 100,000 rpm
or more, depending on the application. The bearing, however, requires somewhat
tighter clearances than the liquid lubricated ring bearing which means that its

ability to accommodate misalignment is more restricted.

————— .
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In the following, each of the three bearing types are trested in separate
sections. The sections are devoted to & detailed discussion of the design pro~
cedure for the bearings and explain the use of the desiga charts contained {n
figs. 4 to 53. In addition, complete numerical examples have been worked out
for each bearing type. The theoretical analyses from which the data have

been obtained, are given for reference in § appendices in back of the volume.
Two computer programs have beea written, one for the three lobe bearing which
also applies to the inner film of the hydrodynamic-hydrostatic ring bearing, and
one for the hybrid-hydrostatic ring bearing. Msiuals for the programs are
given in Appendices VII and VIII.
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THE THREE LOBE JOURNAL BEARING

The geometry of the 3 lobe bearing is shown schematically i{n figure 1. The
bearing is composed of 3 circular arcewose centers of curvature are removed
from the center of the bearing by the distance r. Thus, even when the journal
is centered in the bearing, the pads are loaded. Ia this way, the stability
threshold of the bearing is raised and even a vertical rotor, or srotor
operating in a "zero-g field," can rua stably which is oot possibie with a
conventional full circular bearing. However, the improwved stability threshold
is paid for by an increase in frictioa power loss and a smaller operating
ninimum film thickness which makes the bearing more sensitive to impurities in

the lubricant,

The journal diameter is D, its radius is R and the bearing length is L. The
lobes are separated by axial grooves with an arc width of 20 Jegrees. The

machined radial clearance of the lobes, common to all three lobes, is C such
that the radius of curvature of the lobes is R + C. The preload is defined

as:
Preload: 5 = % (1

Thus, when & = O, the bearing becomes cylindrical and when 3 = 1, the

journal touches all three lobes.

The preload is an important design parameter for the 3 lobe bearing. It
strongly influences the stability threshold and the friction power loss of
the bearing.

The other design parameters are the length-to-~-diameter ratio % , the Socmerfeld

number S and the Reynolds number ke:

2
. 5 = BNDL (R
Sommerfeld Number. S W (c) (2)
Reynolds Number: ne = 2/ :NC- (3)
-5-
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where:

W = bearing load, lbs
R = potor speed, rps
4 » lubricant viscosity, lba.uc/i.nt:h2

2
y = lubricant mass density, lbs.sec /i.nchl‘

For s given bearing geometry (i.e. for known values of % and 8) and for a given

operating condition (f.e. for known values of S and le), the bearing performance

can be calculated as shown in the analyses in Appendices I and 1. The actual

calculations are carried out on & computer by means of the program described in
Appendix VIlwhere a listing and the instructions £or using the program are given.

Por known values of the four parameters, the bearing performance is defined by a

set of dimensionless quantities:

wvhere:

the bearing eccentricity ratio: € = e_B (%)
c
the bearing attitude angle: 93 (5)
flow parameter: Sg (6)
RDLC _
R F
the friction factor: c £ T ()
w 2

the stability mass parameter: v (8)
v

the instability frequency ratio: ar - ® (9

the dimensionless spring coefficients: cxxx ’ cxxz ’CKE ’an s (10)
w w w W

the dimensionless damping coefficients: mxx, gDBxy, QDByx ,mmyy 11)
w w w W

ey = the distance between the bearing center and the journal center, inch

Q‘ = the total hydrodynamic leakage flow, 1nch3/sec

F_ = the total friction force, lbs

£
M o the mass of the journal, lbs.seczlinch

o = 2N N, the angular speed of rotation, radians/sec

V = the whirl frequency at onset of instability, radiaus/sec

——— Dt o cens ——




‘xx’ ny, ny, ‘yy = spring coefficients, lbs/inch
- Bxx’ Bxy’ Byx' nyy = damping coefficients, 1lbs.sec/inch

The x-y-coordinate system has its origin in the steady-state position of the
journal center with the x-axis in the direction of the appliad static load:

Bearing Center ¢

‘ / ) Ce Journal center, steady-state
! % y position

L]
’4
x
Under dynamic load, the journal center motion is described by the amplitudes

[ O U
Y

x and y. Then the dynamic forces acting on the journal are:

.
t et S

s - — - dx _ - dy L
Fx ‘xxx Bxx dt xxy y Bxy dt
: - g dx_ -3 & (12)
l'y- nyx Byx at vy y Byy at

2
[Pt

The 8 dynamic coefficients are used to represent the bearing ia & rotor response

calculation as described in Volume 5 (see also reference 3). |

The hydrodynamic leakage flow, Qz » 18 the sum of the end leskage flows from
the lobes and also includes any net excess flow into the grooves (see Appendix
VII.) To get the flow in gallons per minute (gpm), multiply Q’ by 60 and divide
by 231.

Usually, the lubricant is supplied to the bearing under some pressure, The
flow induced in this way (the so called "zero speed flow'") must be added to the
hydrodynamic leakage flow to obtain the total bearing flow.




L B - R
J - PP A A

The friction power loss can be calculated from the friction force, Ff as:
Friction power loss = f’:g HP (13)
6600
If it is assumed that all of the heat generated by the friction power loss goes
ianto the lubricant film, the corresponding temperature rise of the lubricant can
be calculated based on the obtained flow, With this temperature the operating
viscosity of the lubricant can be determined.

The eccentricity ratio ¢, and the attitude angle ch defines the steady-state

B
position of the journal center relstive to the bearing center and the static
load line (the x-axis). From this the minimum film thickness in the bearing
can be determined (see Appendix II). Under almost all conditions, the minimum

film thickness occurs at the bottom lobe (see fig. 1) in which case:

ClI-Veg+6+2 ey o5y |

Minioum Film Thickness, inch = min. of

Cl+as(230® tu“(g?'—.ﬁ;‘ £ 3426, s

The minimum film thickness gives a relative measure of haw heavily the bearing is
loaded., The acceptable lower value for the minimum film thickness depends on the
condition of the lubricant.

The threshold of instability is defined through the stability mass parameter in
eq. (8). It applies to a rigid rotor with total mass 2M supported in two similar
bearings, and the parameter defines that mass the rotor must havé in order for
the rotor -bearing system to be on the threshold of instability for the specified
operating condition. If the actual rotoxr mass is bigger, the bearing is unstable.
At the threshold of instability the steady-state equilibrium position of the
journal is neutrally stable and the journal center whirls in an infinitessimdl
small closed orbit with a8 frequency V, given through the whirl frequency ratio =

v
{ "o
The stability mass parameter can also be used to determine the threshold of
instability for a flexible rotor:. Let the rotor consist of a shaft with stiffrmess




:. on which {s mounted a ‘cantrs’l disc with mass Zul 5 sad "l are defined
ouch that the natural frequoncy of the motur simply supported at.the buring
centerlines is equal to vx./n‘. mn the thruhold of stability is defined

by the parameter:

A

: 2
Stability Mass Parameter for Flexible Rotor: g-%@- o 7 +“:{ z M] [Og;_]

2

where 9—:’3— and* have the values obtained fbr the rigid wotor, It is seen

that the flexibility of the ratar: lowers the threshold of fnstability.

1f the rotor i{s not aymatrié, the computer program described in Volume 5 can
be used to calculate the speed at onset of instability, In this calculstion,
the bearing is represented by the 8 dynamic coefficients as obtained above.

The performance of the 3 lobe bearing with a preload of: & = 0.5, and for two
values of the length-t:o—diamet;r ratio: L/D = 0,5 and 1, 1is given in Table
The columns of the table give the values of the parameters defined above.

For those conditions where no valuesis given for the instsbility frequency
ratio or the stability mass parameter, the belting. is atablge.

The table contains two additional quantities, namely Q,/NDLC which is the
dimensionless circumferential flow (i.e. the sug of the flows entering the
three lobes from the grooves), and CMW/uDL ( %) which is another dimensionless
form of the stability mass parameter (it is equal to /410 23).

The most significant results are plotted in figs. 8 to 15. Figs. 8 and 9 give
the stability mass parameter. Figs. 10 and 11 show the friction factor, figs.
12 and 13 give the minimum film thickness normalized with respect to C, and
figs 14 and 15 give the flow parameter. The abcissa is in all cases the
Sommerfeld number S, and each graph contains four curves corresponding to
Reynolds mubers of O, 2000, 10000 and 30,000, The curves for xe-o apply to
laminar flow (i.e. when le< 2,000). ’




The use of the graphs is best {illustrated by an exsmple. Lat & rigid, symmetric
rotor of 200 lbs, be supported in two similar 3 lobe bearings with & length-to-

dismster ratio of 1/2. The lubricant is liquid potassium at 500°7. The data are:

bearing dismster: D = 3 inch

bearing length; L = 1.5 inch

radial clearance: C = 0,002 inch

preload: & = 0,5

bearing load: W = 100 lbs,

Journal mass: M = 100/386 = 0,259 lbs.lcczliich

lubricant viscosity: u = 3.85‘10'a l.ln.uc:/i.m:h2

lubricant mass density: ¢ = 7.3'10'5 lbl.oeczlincha
Denote the rotor speed in rpm as x, Thent,

WAIIF 050002 . N _ npan it
. = * - ‘.,. o N
e 3.5 10°¢ bo 0.555 N -

L 35wt ls [0S VN _ oy
s - (mz N =250 N

;“;z—' 00002'00257 (nn)z - 5.“.l°—' 'N't

w oo 60

Q = 3.4%:10”° -g%'_f) N gpm

friction power loss = 3.17'10.6(“5 ) N HP
cw

With these relationships the bearing performance can be obtained from figs.
10, 12 and 14:

From From From

fig, 10 fig.12 fig.l4
Eotor speed 2 R f_f Ratn Qx Power loss Flow Min. Film
N, rpm e S cC w c NDLC HP gpm _ Thickness, inch
5,000 2,980 0.0812 5.8 0.2 1.66 0.092 0.32 0.0004
10,000 5,960 0.1625 14 0.33> 0.84 0.44 0.33 0.00067
15,000 8,940 0.2438 31 0.4 0.59 1.48 0.34 0.0008
18,000 10,710 0.292> 47 0.428 0.51 2,08 0.30 0.00086

-10-
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To determine the threshold of instability, plot the stability limit for the
rotor in fig, 8:

2
R N, rpn 8 Qw&'
- — —
2,000 3,300 0.0546 (stable)
10,000 16,800 0.273 17.9
30,000 50,400 0.819 - 81.5
2 2

The operating line of the rotor is given by: c::“ = 215+8" which is a straight
line with a slope of 2 in fig. 8 because of the logarithmic scales., The
operating line intersects the stability limit curve at < " 19 from which

the speed at onset of instability is found to be 18,300 rpm. For comparison,
the instability speed of a plain cylindrical bearing can be determined from
Table 3 as:

10,700 rpm for C = 0,002
Plain Cylindrical Bearing 14,260 rpm for C = 0.001

This gives an indication of the stability improvement obtainable with a three
: lobe bearing.

If the rotor instead of being rigid is flexible and consists of a shaft on
which is mounted a central disc, the threshold speed will be lowered. Let
the disc weigh 200 1bs and let the shaft have a stiffness of 106 1bs/inch,
n- The natural frequency of the rotor simply supported is:

Natural frequency = V;og(}gsg - vis-g%",m = 1,390 5—'-%’-221 = 13,300 rpm

- The shaft stiffness to be used in eq. (15) is: K, = 500,000 1bs/inch and the
half disc mags is: Hl = 100/386 = 0.259 lbl.seczlinch. Hence: :

CK, , 0002 - 500,000 _ ;o

W 100
2
Q" o 215,82
w

-1l-




The flexidle rotor has the same operating line as the rigid rotor since the mass
is unchanged. The stability limit, however, is lowered. From eq. (15)

g ot
e w10 W

, o
10 + (0.5)° W

where the instability frequency ratio has been set equal to 0.5 (for a more accurate

LB

value, use Table 2), Hence, by using fig. 8:

_ o’ aye®
l‘ N, rpm 8 W (from fig. 8) w
2,000 3,360 0.0546 (stable) (stable)
10,000 16,800 0.273 17.9 , 12,35
30,000 50,400 0.819 81.5 26.35

2
The operating line intersects the stability cuxve at Q‘llm = 12 to which corresponds

a threshold speed of 14,500 rpm. v

When the rotor is vertical or operates in a "zero g field", the bearing is un-
loaded, i.e. W= 0, Hence, the eccentricity ratio €5 is zero, and the Sommerfeld
pumber 'becomes infinite and can no longer be employed as a parameter. In this
case the performance parameters of eqs. (7), (8), (10) and (11) are redefined.

Vertical Rotor F
£ £ R ™ Leh 16
riction factor: G u-NDL(E) ,- S C W (16)
: 1 2
e ee B 2 2 .
stability mass parameter: pDL(-z-) = 4TS W 7
cxxx 1 CKxx
dimensionless spring coefficients: uNDL('bz "5 W (18)
_?_’ﬁm__ 1 B
dimensionless damping coefficients: pND!..(%)?' -3 W (19

and similarly for K., K _, K _, B _, B _and B . It should be noted that for a

Xy~ yx' yy xy° ¥yx yy

vertical rotor:
K =K
Yy xx

-]12-




‘yx-.—‘xy

B =38
vy xx

B = -8
yx xy

Calculated performance data are given in Table 1 for a 3 lobe bearing with

% - % and 1, and for 4 VYalues of the Reynolds number.b preloads are considered,
The stability mass parameter and the friction factor are plotted-in figs, 4

to 7 as a function of the preload, Hence, for a given applicatidn the preload
requirad to ensurc stable operation is readily determined. Td' illustrate,
consider the same rigid .rotoras in the previous example. Fri'»m the given

rotor and bearing data:
R, = 0.59- N

CMN__ _ MN 0.259
#OLEY ™ 2ul GP ~ 234510715 (3257 60

friction power loss = 5.15° IO'“(‘C& NSL( )) N2 HpP

IZI

08810 N

Thus, by using figs. 4 and 6:

From Fig. 6
_ —O8 . prom Fig4 R ————
R, N, rpm um,@‘z Preload: 5 C uNDL(-:')z Power Loss, HP
2,000 3,360  0.297 0.358 54 0.03
10,000 16,800  1.49 0.52 156 2.27
30,000 50,400  4.40 0.575 360 47.1

Hence, the rotor can operate stably at 50,000 rpm if the preload is approxi-
mately 0.6 but the friction power loss is then close to 50 HP.

It is seen that the threshold speed for the vertical yotor with a beating.pre-
load of 0.5 is approximately 16,000 rpm which is a slight. reduction of the speed
determined for a horizontal rotor where the bearing is loaded.




T

THE HYDRODYNAMIC-HYDROSTATIC RING BEARING
The bearing is shown schematically in figure 2, It actually consists of two
bearings (two lubrication films) separated by a floating ring. The .ring 1is
rcat;‘incd from rotating by a pin but is otherwise free to move. In the
inner film, pressures are developed by the hydrodynamic action from the
rotating journal. The outer film, which ies a hydrostatic bearing, is supplied
with pressurized lubricant through restricted feeder holes, In this way the
bearing can be designed such that the-damping from the outer film stabilizes
the inner bearing thereby raising the stability limit of the bearing signi-
ficantly. - Furthermore, by this construction the bearings ability to accommodate
misalignment is appreciably improved. On the other hand, the flow requirements
of the bearigg are large as discussed in the following.,
The detailed analysis of the bearing is givgn in Appendices III and.1lV.. The
computer program described in Appendix VI .ig used to calculate the performance
characteristics of the inner film and some typical data are given in Table 3.

The stability characteti;tics of the bearing are given by figures 16 to 21.
The length-to-diameter ratio is equal to 1, based on the journal diameter.

The charts are based on a given outer film stiffness, l s and the curves give
the stability mass parameter cnu /W as a function of the damping, B , of the
outer film. The curves are plotted for several values of the Sommetfeld
number S of the inner film, and two Reynolds numbers are considered: 0 and
30,000.

The outer film stiffness and damping are used in the dimensionless forms:

for outer film stiffness: Efg (20)
w
for outer film damping: OmBo (21)
W

where:

C = radial clearance of inner film, inch




W = bearing load, lbs

® = angular speed of rotation, radians/sec

!5 = outer film spring coefficient, lbs/inch

B, = outer film damping coefficient, lhs.sec/inch
The stability mass parameter has been defined and discussed in the previous section
on the three lobe bearing (see eq., (8)). It applies to a rigid, symmetric rotor
with mass 2M,
The charts, figs. 16 to 21, show that for & certain range of the outer film damping,
the bearing is inherently stable. This "corridor' of inhereat stability is seen
to have a slope of 2 in the charts, Since the charts employ logarithmic scales,
this means that for the bearing to overate in the corridor the ratio (g;fg)z/

~ is constant, This ratio is independent of speed.

In designing the bearing, the objective. is to select the outer film stiffness
and damping such that the bearing operates in the stable corridor. The outer

film coefficients are given by the charts in figs. 22 to 25, 1In these charts

the coefficients have the dimensionless form:

2

Dimensjonless stiffness: li%—:z coxb 52
14+= 5 PLD
3 s 0o

. CoBo

Dimensionless damping: “LonBCEEDZ
o
(note: subscript '"o" is left out on the charts) .
where:

Qo = pearing diameter, inch
L° = bearing length, inch
Ro = bearing radius, inch
Co = radial clearance of outer film, inch
Kb = gpring coefficient, 1bs/inch
Bo = damping coefficient, lbs,sec/inch

P_ = lubricant supply pressure, psig

i = lubricant viscosity, '1bs.sec/inch2

-16-
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The feeder holes of the bearing may either be in the centerplane of the bearing,
called "single plane sdmission”, or arranged in two planes symmetric with
respect to the centerplane, called "double plane admission." If the distance

between the admission planes is Ll' define:

(22)

Hence, for single plane admission, 51-0 and 52-L°/D°, whezreas for double
plane admission the above definitions apply.

The fiow restriction may be provided by orifices or by the feeder holes them-

selves
Flow in

3«-:‘:.1 Wall

Bmuﬁh’ film

lc,T

1f there is no orifice and the feeder hole acts as a narrow tupe, the bearing
is said to be laminar restricted. When the predominant flow restriction is in
the orifice, the bearing is orifice restricted. Finally, the flow may be
restricted in the '"curtain" area formed between the rim of the feeder hole

and the surface of the ring. This is called "inherent compensation.” The

inherent compensation factor:

2
& = =

dc
o

(24)

gives the ratio between the orifice area and the curtain area. When 5=0,
the feeder hole 1s purely orifice restricted, and when 5=0, the flow restric-
tion takes place in the curtain area only. For intermediate values of &,

both restrictors are acting. For the laminar restrictor, set &5=0.

-17-




The ;picing factor A\ sccounts for the effect of the spacing of the feeder holes.
Let there be n feeder holes in total (i.e. for double plane admission there
crc'g holes per plane). Then A\ is given dby:

Ae 1l +-:-£;- log, (;33) (25)

where n_is the number of holes per admission plane (nP = n or mp --% n.) PFor
more accurate expressions, see eqs. (C-28), (C-29), (C-33) and (C-34), Appendix III.
A typical value 1s: A\ = 1.5,

In the charts, figs. 16 to 21, the abcissa is the restrictor coefficient A’ which
gives the ratio between the flow resistance of the bearing film and the feeder
holes. It is defined as:

2

JuCpna A, (Orifice restriction +
Restrictor Coefficient: A'= C°3 gl" 1+3 inherent compensation)
3 n‘A A (Laminar restriction)
8 63 2
. B
o
where:
c, = discharge coefficient (CD1' 0.6)

a = radius of orifice or feeder hole, inch
'9 = mass density of lubricant, lbs-seczlinch4

£ = length of feeder hole, inch
and the other symbols have been defined above. It 1is seen that the bearing is

optimizad with respect to stiffness when Ah = 1.

The charts assume that the bearing is operating with no eccentricity. This assump-
tion 18 valid in most cases., Furthermore, the load displacement characteristic

is close to being linear such that:

~ .
VG K (27
where:
W = bearing load, 1lbs.
€& " bearing eccentricity ratio

-18-
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This relationship is valid for eccentricities up to: e ¥ 0.4 to 0.5.

The bearing flow can be determined from fig. 26 where the ordinate is the dimen-
sionless flow:

29

PC

s o0

Here:

Q= flow, 1nch3/lec.
The chart i{s valid for both single plane admission and double plane admission,

and for any length-to-diameter ratio.

The use of the design charts is best illustrated by an example. First, it is
seen from eq. (27) that:

C K
()

-1
w eo
or:
C c‘o ’
T "%W (28)
o

€0 should not exceed 0.4 in order for the bearirg to have some load margin.

Hence, the dimensionless stiffness Eg should bé chosen as large as possible
w

in order for (':o not to become too large which would lead to unreasonable flow
requirements. On the other hand, the stability corridor narrows down with
increasing outer film stiffness and eventually disappears. Thus, a compromise
is necessary. In the present case, choose the largest dimensionless stiffness
value given in the charts, namely CK /W = 0.7, which means that figs. 16 and
19 apply. To operate in the stability corridor, set CwB /W = 0.6 for

CMw /w = 1 whereby the rotor will operate along a straight line with a slope
of 2 in the chart., Hence:

. CuB /W
B "C - 0 = 0,6 = 0.6 (29)
o — T — ——
(CH.DZ/W)"J vl

Let the rotor be rigid and symmetric with a weight of 200 1lbs. The data for

the rotor and its two bearings are:

-19-
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bearing diameter: D= 3 inch

bearing length: L = 3 inch

outer diameter of ring: Do - 3.5-:nch )

lubricent viscosity: u = 3,85°10 = lbs-sec/inch
" lubricant mass density:, = 7.3:10 1bs°sec2/1nch
bearing load: W = 100 1lbs.

journal mass: M = 100/386 = 0,259 lbs‘uczlinch

-5 4

The lubricant is liquid potassium at 500°F.

The outer bearing is chosen as a hydrostatic bearing with single plane admission

and laminar restricted feeder holes. Hence, fig. 24 applies where the dimension-

less damping is:

cono - B - 1 "m 9.6
R 4 R 3 R 7 c ’ ﬁ

.. 0 o} [=}
MLDy () Wl ) A, ()
<] ¢} o

or:

g 3
Co) =_1 o 6
cc: 2uL° c u.LODoL_)

Now, from eq.(28) it is seen that C/C°< 0.4°0.7 = 0,28, i.e. even if it is
desired to have a small value of Co to keep the flow down, Co cannot be too
small if C shall have a practical value. Set C = 0.0007 inch and try with a

dimensionless damping value of & (corresﬁonds to As = 0.25). Hence, from eq.

(31):
R 3 8
(_9) = ___ 0.6 . \[0.259-100 /4.0 = 1.25-10
%o 2-3.85-10"%.3 0.0007
or:
Ro = 5102
c
Qo

-20-
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1'.‘

C, = 3332 = 0.0035 tnch - e

Since clc = 0. 0007/0 0035 = 0.2 < 0. 28, this vlluc of c can bc lcccpud. The

chosen dimnuonleu damping corresponds to & rutrictor cocfﬂcicn: of.,
A. = 0,25. Thus, from fig. 22:

co‘o "52 - 0,28

P.LODO
Now:
%o ng, =% w__ a, oo
PLD ¢ FID, W
or:
P =% w a, K 1 (32)
s onnn  em— 2 —— e,
¢ LD, W 0.28

Here: § , = L /D and A shall be set equal to 1.5. Thus:

0.0035 100 .3 1.
’s ®0.0007 3.3.5 ° 1.5 3.5 ° 0'7--0.28 150 psig.

which establishes the required supply pressure.

From the definition of the restrictor coefficient:

4
3 na
A, =0.25=3 3 M,

Col

or:
na® =8 (0.0035)3 = 8.89.100% -
L 3 1.5°3/3.3

Let the feeder hole have a diameter: d = 2a = 0,020 inch and let the number
of holes be: n = 10 whereby:

2 = 1,125 inch
Check the spacing factor:

2

A=14+

2 log =1+ d . log (35 e 167
nf, Be 'nd’ " 10-3/3'5 ° "%e !To-0.02) " ™




which is close enough to the estimated value of 1.5. It should be noted that if
the obtained fedder hole dimensions sre not acceptable for various reasons, the

‘ bilring car be made orifice restricted instead or a different Ai-value can be

chosen which would have little influence on the selection of C and Co. Going to
8 velue of A\ = 0.5 would reduce the required feeder hole length to 2 = 0.56 inch,
the supply pressure would become P' = 105 psig whereas the outer film clearance
only would change from 0.0035 inch to 0.0034 inch. In other words, it is very
important to select the proper value of the outer film clearance but the bearing
is not too sensitive to even quite lerger changes in the other parameters. This
is quitc resdily deduced from eq. (31) where, for a given rotor weight, lubricant
viscosity and cverall beering dimensions, the clearance c° is pretty well defined
once it is required that the bearing must operate in the stable corridor. Thus,
eq. (31) can be coneidered to be the governing design equation with eq. (28) as

a necessary condition.

From fig. 26 the dimensionless flow is found to be 0.2. Hence, the flow becomes:

3 L
Q= *PC 0.2~ 2-150:(0.0035)3- . 0.2 = 27.2 inch> = 7.1 gpm .
rg, 3-3.85-107%.1,5:3/3.5 sec :

This is seen to be 20 times the flow required for the three lobe bearing for the

- sama application. However, whereas the three lobe bearing becomes unstable at

18,000 rpm, the hydrodynamic-hydrostatic bearing is stable to much higher speeds.

The actual stiffness of the hydrostatic bearing is calculated to be:

X 150-3-3.5

> ™ ~0.6035 — + 0.28 = 126,000 ibs/inch

The damping coefficient becomes:

8 2

3 = 3.85°10 °-3°3.5 ( 1.75 *4.0 = 116 1bs.sec
o 0.0035 * 10.0035 inch

Assuming & linear load-displacement relationship, the eccentricity ratio becomes:

«22-




‘ 100 e
= O.0035-126000 - %27 . . L.

o0
which is considerably less than 0.4. Hence, the bearing should be able to with-
stand dynamic loads of at least the same mnhnitude as the static load.

From Table 3, the stability mass parameter of the inner film i{s found to be
approximately equal to 6 with a whirl frequency ratio of 0.5. Now, the onset

of instability can be likened to a resonance where:

M o .- » .
where K, ¢ TePresents the effective stiffness of the inner film. Hence:

100

2 . .
CMy W 2
——— (0.5)" - 6 - 0.0007 © 214,000 .1bs/inch

. -
W [
The ring has an inner diameter of 3 inches and an outer diameter of 3.5 inches.

2
v
Keee ™ v - o

Hence, its mass is:

2

2(3.5%-3%) . 3 0.283 = 2.17 1bs = 0.0056 Ibs*sec’/inch

The natural frequency of the ring is:

radians

sec = 75,000 rpm

214,000 + 126,000 - .
-
V 0.0056 7,800

With an estimated instability frequency ratio of 0.5, the ring may become un-
stabie at 150,000 rpm. This, then should be considered the top speed of the

rotor to be on the safe side.

Making use of Table 3, the ftiction power loss of the bearing can be computed:

Rotor Speed R Power Loss
rpm e S HP
20,000 4,200 5.35 9.7
40,000 8,300 10.7 64.4

60,000 12,500 16.1 195

80,000 16,700 21.4 432




Thus, even if the besring is stable up to at least 150,000 rpm, the power loss
becomes prohibitive at half that speed because of turbulence in the film.

In susmery, the calculated bearing dimensions and the bearing performance data are:

journal dismeter:
outer diameter of ring:
bearing length:
radial clesrance of inner film:
radial clearance of outer film:
aumber of feeder holes for hydrostatic bearing:
feeder hole diameter:
feeder hole length:
supply pressure for hydfostatic bearing:
bearing flow:
maximum stable speed (conservative estimate):
friction power loss: at 70,000 rpm
at 40,000 rpm
at 60,000 rpm
at 80,000 rpm
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D= 3 inch

D° = 3,5 inch
L= 3 inch

C = 0,0007 inch
c° = 0.0035 inch
n= 10

d = 0.020 inch
£ = 1.25 inch
P. = 150 psig
Q=7.1gpm
150,000 rpm

9.7 HP

64.4 HP

195 HP

432 HP




THE HYBRID-HYDROSTATIC RING BEARING

The bearing is shown schematically in figure 3, It differs from the previously
considered hydrodynamic-hydrostatic ring bearing by employing a gas as s
lubricant instead of a 1liquid. Parthermore, both the inner and the outer film
are pressurized thereby enhancing the load carrying capacity which would other-
wise be ruther limited with gas as a lubricant, The ring separating the fnner
and the outer film, is restrained from rotating but is otherwise free to.,
follow the motions of the journal. As shown in £ig, 3, the inner film is
supplied with pressurized gas through feeder holes in the centerplane of the
riag. The load carrying capacity of the inner film is then produced by both
hydrostatic and hydrodynamic action which is known as a hybrid bearing. The
outer film is purely hydrostatic and, as shown in fig. 3, consists of two
bearings supplied with pressurized gas through feeaer holes in a central plane.
The ends of the bearings are vented to atmosphere. Figure 3 is only iatended
to show one possible arrangement and other designs would be. possible.

The major objective of this type of bearing design is to improve the stability
limit of the bearing. Furthermore, the bearing offers the advantage of being
able to accommodate a larger amount of misalignment than more coaventional

beariang types.

The analysis of the bearing is given in Appendices V and VI. Furthermore, a
computer program for calculating the bearihg has been written, and the
instructions for using the program and a listing of the program are given
in Appendix VIII.

The stability characteristics of the bearing are given by the charts in figs.
27 to 44. Three values of tne supply pressure for the inner film have beea -

considered:

Ps
= = 2,5 and 10.
P

-25«




where!

P' = supply pressure for inner film, psia

!. = ambieat pressure, psias
Furthermore, three values of the stiffness of the outer film are considered. In
dimensionless form:

x,
?P.—-T’:)-L-f = 0,24, 0.18 and 0.09 (33)
whare:

D =» journal diameter, inch
L = bearing length, inch
C = radial clearance of inner film, inch
‘b = gtiffness of outer film, lbs/inch
Curves are given for 7 values of the compressibility number A:

2
Ae22 (%) =0.3, 1, 2, 5, 10, 30 and 100 (34)
a

where:
u = gas viscosity, lbvaec/inchz
© = angular speed of journal, radians/sec

The charts, figs. 27, 29, 31 --- 43, give the value of the stability mass para-
meter: sz A
Stability Mass Parameter: (Ps-Pa)LD (35)

as a function of the dimensionless damping of the outer film:
CoB
P

2 (36)

"5

where:

M = journal mass (half the rotor mass), lbs-seczlinch

BO- damping coefficient of outer film, lbs-sec/inch
As in the case of the hydrodynamic-hydrostatic ring bearing, it is seen that for
a certain range of the outer film damping the bearing is inherently stable. The
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objective when designing the bearing is to select the bearing dimensions such 2
that the bearing operates in the "stability corridor" established by the -

charts.

The charts, figs. 28, 30, 37,--44, give the whirl frequency ratio:

Whirl frequeancy ratio: ¥V 37)
®

as & function of the stability mass parameter, Here:
V = whirl frequency at onset of ianstability, radians/sec
These charts are used in calculating the stiffness and damping of the outer

film as discussed later,

All the charts, figs. 27 to 44, are based on the following data:

length-to-diameter ratio: L =1
D

restrictor coefficient: Ah = 0,7

Inherent compensation factor: 5 = 1000

spacing factor: A = 1.5

eccentricity ratio: € = 0,02
For AS = 0.7, the bearing is optimized with respect to the hydrostatic stiffness.
The bearing is inherently compensated (i.e. there are no orifices) to eliminate
the possibility 4f pneumatic hammer instability. The journal is assumed to [
operate essentially in its concentric position but since the load is reason- )
ably linear with displacement, the charts should be valid up to an eccentricity

ratio of approximately 0.4 which covers the acceptable design range.

Figures 45 to 52 give the dimensionless stiffness and dimensionless damping

of the hydrostatic outer film in the form:

cCKk
c 9
Dimensionless Stiffness: ® P LD {38)
8 a'0oo0o
B
Dimensionless Damping: —-%E-—ﬁy—- (39
nL —°')
o
-27-
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(Pote: in the chaerts, subscript "o'" has been left vut),

The abcissa in the charts is the Squeeze number o:
2

R
8queeze Number: g = -1;1—7393 (-69') (40)
20 °

The symbols are:
D e« outer diameter of ring, inch

[-)

R = outer radius of ring, inch

o

L = length of outer bearing, inch

(-}

co = radial clearance of outer film, inch

(P')° = supply pressure for outer film, psia

(P.)° = ambient pressure for ou;er £film, psia

u = gas viscosity, lbs°sec/inch

V = vibratory frequency, radians/sec

K, = spring coeffictent of outer film, 1lbs/inch

Bo = damping coefficient of outer film, lbs‘°sec/inch
The charts are valid for a single admission plane of feeder holes in the center-
plane of the bearing. The feeder holes are inherently compensated (5=1000) to
avoid pneumatic hammer and the spacing factor is M1l.5. The length-to-diameter
ratio is 0.4 and four supply pressure ratios have been considered: Ps/P‘-l.ZS,
2, 5 and 10. A vide range of the restrictor coefficieat is covered:
A552'°°°1- 9.02, 0.05, 0.1, 0.2, 0.5 and 1. The restrictor coefficient is defined
as:

A= ng I (inherent compensation) (41)

s P
80 ©

where:

number of feeder holes

feeder hole diemeter, inch

= gas constant, 1nch2/sec2 °r

s D™ a b

)
total temperature, R

The gas flow of the outer film is given in dimensionless form in the chart, fig.

53: 6p R D I'o
Z. 3 (42)
%P [ D
80 ‘o o
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wherae:
M = nass flow, lbs+sec/inch
The chart is actually valid for all length-to-diameter ratios, for both single
and double plane admission, and for both orifice restriction and inhereat '
compensation. Hence, _I:g is replaced by _"_‘2_ - gz and the restrictor coefficient
Do D

is given in its general form (see AppendixV),

The use of the charts is best illustrated by an exsmple. The  or is assumed
to be rigid and symmetric and it weighs: 90 lbs. The given data re:
bearing load: W = 45 lbs, ‘
journal mass: M = 45/386 = 0,117 lba'seczlinch
journal diasmeter: D = 3 ‘inch
bearing length: L = 3 inch
radial clearance, inner £ilm: C = 0,0015 inch
outer diameter of ring: Do = 3,75 inch
length of one outer bearing: Lo = 1,25 inch p
ambient pressure: 1’a = 14,7 psia
gas viscosity (air at 12001'): TR 2.8'10°9 lba'seclinchz
gas constant (air): € = 2.472'105 :I.m:l'nzlaecz2 °2
total temperature: 120 + 460 = 580°R
Hence:
RT = 1.434'108 inc:hz/sec2 1‘
or: |
m = 1.198'104 inch/sec
The load on the bearing is 45 lbs and the bearing ares is: L*D = 3°3 = 9 1nch2.
The load per square inch is then 5 psi which requires that the available

pressure across the bearing be at least 20 psi and preferably more, i.e.:

P -P >20
8 a
or B > 2.4

P
a
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The stability charts have the dimensionless support stiffness in the form:
CIb/(P.-P.)LD. The eccentricity ratio of the outer film is determined from the
relatioaship: '

‘ cO'O‘O L - (43)
from which: '
‘? P )
%" %‘i - (rw-r YLD % ::; - (44)
o0 s A& [+ [+

<, should be small and shouldnot exceed 0.4. Thus, in order to keep the clearance
ratio arocund 1, the dimensionless outer film stiffness should be chosen as large
as possible and the supply pressure should also be kept high. Choose the largest
value of the dimensionless support stiffness in tie charts, namely:

c‘b = 0,24

(P.-P.)LD

Estimate thct.c/cggf 1 and set €" 0.2 to get:

= 100 psi (45)

1

1] ¢ W
(BB = ¢ c 1w 0.2

o

P. = 120 psia
which means:

&.Eg.‘;’ 8
P‘ 14.7

The stability charts to use for this case are then fig. 33 and fig. 39. To
operate in the stability corridor it is found from the charts that the dimension-
less outer film damping should be:

—_
P LD : (P -P )LD
a s 4

For constant support damping, the rotor will operate along a straight line with
a slope of 2 in the charts as the speed increases. The corresponding damping

caa be found from the relationship:
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From figs. 50 to 53 it is seen that the dimealionlcuu outer film daaping will
be around 1., 8et:

By

R )
o, (2)

o

=1

Since there are two outer film bearings, the damping per bearing is half the
required damping given in eq. (46). The damping per bearing can be expressed
by means of eq, (46) as:

o m1m=1 ‘a , .2
R 2 R o, F) (T
o b s @& 1
“I‘o(c )3 KL, (c )
[+ [+ B
or:
r\3 P
(_g_)-;_ a . HD .2 l=1__ 147 .1(011733 .2.1
. c,| 7 Ve T 1 258100 1.0 10 (120-14.7) Tt
. 7
Set C = 0.0015 inch whereby:
3
(‘_o_) = 10.8410°
c
0. .
or:
R, = 2.21°103
g
(o]
i.e.
-3

c = 1,875 . 10
2.21

Eq. (47) (together with eqs. (44 or (45) ) must be considered the key design
equation. For a given rotor-bearing system, the clearance of the outer film

= 0,00085 inch

can only vary within a very limited range if the rotor is to cperate within
the stability corridor. Hence, Co is the critical design dimension whereas

the other design parameters can vary appreciably without having serious effects.

e —— g i s e o e < b4 s e
. o




To check the estimated outer film damping, the following relationship is readily

deduced; 9 B -
P _ -8 % e
F)LD 72 3 TRYS
s a " L(r.-r.)(c)
Here:
o 2
a - 11 “(14.7)% = 10.21
WL -p) (-‘-)5 (2.8:10°9% .3+ (120-14.7) >
s a’\C * (00015
whareby:
av? = 0.142:A°
@, _Fow

From the dcfinition of Aand @ (eql. (34) and (40) ) it is seen that:
c-2---A o : _ (49)

Making use of these relationships, figs. 34 and 40 can i:e employed to set up the
following table:

30"_0 B, ~» oo

© Qw? v ! Ty L

A (P.'P.)LD . [43) o [4+} o
2 0.567 0-5 2.0 0.5 200
5 3.54 0.202  2.02 0.31 3
10 14,2 0.105 2.10 0.185 3.7
30 128 0.036 2.16 0.075 4,5
10¢ 1420 0.0112 2.24 0.0245 4,9

In this table, %13 the instability frequency ratio obtained by interpolation
between figs. 34 and 40. As seen from figs. 33 and 39, the stability corridor
passes between two regions of instability, and the instability frequency is
different for the two regions as shown by-figs. 34 and 40. The left hand
region is identified. in figs. 34 and 40 as the region where Bo-' C, and the
right hand region is identified as the region where B O-VOO.

At the onset of instability, the journal whirls inclosed orbit with frequency
V., Hence, Y becomes the vibratory frequency as seen by the outer film and the

-32-
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stiffness and damping of the outer film must, therefore, be svaluated at the
corresponding values of the Squeeze number gg given in the tsble. Since the
outer film decreases with increasing . squeeze number it is oaly necessary to
consider the Squeeze number corresponding to the left hand instability region
(BO-DO).

The charts, figs. 33 and 39, are based on a dimensionless support stiffness of
0.24, Hence:

g = (Q20:=18.7373°3 _ 15 600 1bs/inch

° 0.0015
Since there are two bearings, the required stiffness per besring is:

(K’ per bearing = 79,800 1bs./inch
Asruming a restrictor coefficieant value such that:
Ak, = 0.05

the dimensionless stiffness per bearing is found by interpolation between
figs. 47 and 48 as (0X2.2):

co‘o = 0.15
(Ps‘Pa)oLoDo
or:
0.00085+75, 800
- - _-.‘-———L—— -
(®yBdo ™ 1.25.3.75-0.15 ~ oL:6
therefore: .
P, = 106.3 psia = 120 psia
whereby:
(),
Pa o

Thus, boin films have the same supply pressure.

At thibs calculated pressure ratio, with Aaﬁz = 0.05 and o = 2.2 the dimension-
less damping per bearing is found from figs. 51 and 52 to be equal to the
earlier assumed value of 1. Hence, the assumed value of A{, = 0.05 is correct.

Now:

Wl
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(Mote: even if the charts, figs. 45 to 52, are based on gz-o.a, the dimension-
less stiffness and damping are not too sensitive to variations in 52 and the charts
nsy, therefors, also be used for 52 = 1). BHence: '

' 3

A} = 0,05°3 = 0.15
From the definition of A5 in eq. (41):

I'.o"oz 120 (0.00085) 2. 0.15
nd = ———— = = = = 0,0646 inch
6u YR T 6°2.8°10 "+1,198-10 ‘
set:
n =10
Q
whereby:

do = 0.0065 inch

The spacingfactor becomes:
D

Aml+ “z—gz log, (;:-do) - 3.4
which is higher than the value of 1.5 for which the charts are valid. This, Low-
ever, has only very minor influence on the damping but the stiffness is somewhat
reduced. On the other hand, che supply pressure has been set 14 psi larger than
actually required which should offset the reduction due to the spacing factor.

Even 80, the calculated feeder hole diameter is small and should preferably be
larger (0.01 to 0.02 inches) although the obtained value can be used as is.

The moss of the ring is:

% (3.75° - 3.0%°3:0.283 = 3.38 1bs = 0.00875> 1bs*sec/inch

1f the ring was rigidly supported, figs. 33 and 39 give:
2
M

e = 1.4
(P )iD

at B =e@0 :
o

v
The corresponding frequency ratio is: =" 0.5. Define an effective stiffness

of the inner film by:

v, Keff
M
or: 2 2

CX [0 48]

eff _(!) e m 0,25°1.4 = 0,35
@ 29 W/ (B R)LD

s a
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vhereby:

(120 - 14.7)°3°3 '
Kogs ™ ™ 0 00L5 0.35 = 221,000 1bsfinch

with a total outer film stiffness of: ‘o = 151,600 lbs/inch, the natursl
frequency of the ring 1is:

Natural frequency of ringe V%O%;;-—l—-‘—m = 6,530 radians/sec =
‘ | 62,400 rpm
Assuming an instability frequency ratio of 0.5, the ring may become unstable by
itself at ‘125,000 rpm, This is a conservative estimate but to be safe, this
speed should be considered the maximum speed for the bearing.

with A}Eg = 0,05, the dimensionless flow: for the outer fi{lm is found from
fig. 53 to be 0.034, Hence, the flow per bearing becomes:

- . 20 3 - . -

i o 20200 0.00083) 034 = 1.172°107% 1RE88S 4 5p.197¢ 208
6+2.8°107°-1,434°10%.0.33

= 0,33 scfm

For the two outer bearings, the flow is 0.0009 lbs/sec = 0.66 scfm.

Por the inner film, A {, = 0.7.. Since’§, -.1,’1¥P-JO.7 or:

2
nd = 120-€0.0015 . C.7 = 0.938

6°2.8°10"2-1.198-10"
Set n = 12 whereby:
d = 0,076 ianch
The corresponding spacing factor is: A = 1,22 which i3 close to the value cf
A = 1.5 on which the charts are based.

The dimensionless flow for the inner film is determined from fig. 53 to b=
0.39. Hence, the flow becomes:

~  x.(120)2.(0.0015)3 10.39 = 2.475°107> 1b8:8eC _ g 55.10°3 1D8 51 sctm
M= -y 3 inch sec
6:2.8°10"°+1.434°10

The calculated bearing dimensions and performance data are summariged below:
total rotor weight: ‘ 2W = 90 lba,
journal diameter: D= 3 iach




outer dimmater of ring:

length of ring:

length of one ocuter bearing:

radial clearance of inner film:

radial clearance of outer film:

number of feeder holes for inner film:
dismeter of feeder holes for inner film:
number of feeder holes for one outer bearing:
diameter of feader holes for outer bearing:
supply pressure for both films:

flow for inner film:

flow for two outer bearings: _

maximum stable speed (conservative estimate):

-3

qo = 3,75 inch
L = 3 inch

L~ 1,25 inch .
C = 0.0015 inch
co = 0,00085 inch
n= 12

d =» 0,076 inch
a, = 10 )
d, = 0.0065 inch
P. = 120 psia
7.1 scim

0.66 scfm
125,000 rpm
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3 LOBE SRARING, VERTICAL ROTOR

P

L
D 2

306.3

21.11
47.48
139.6
317.7

24,66
50.77
145.8
329.7

29,74
55.38
154.0
345.2

41.48
66.00
170.72
376.2

52.27
75.92
189.6
401.0
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X cx Cu_  Cub
SW 8w s ]
am CRyy - CKyx CuB CuB
-
uDLé% SW W -
01503 .1499 1.585 3.184 -.00577
.02122 ,2150 2.536 5.090 -.0139
04833 .4893 6.179 12,39 -.0300
1011 1.027 13.24 26,56 -.0678
.07009 .6783 2,542 5.152 -.00912
.09369 .9174 3,815 7.703 -.0207
2039  2.004 8.983 18,10 -.0432
4206  4.143 18.96 38.18 -,0992
1935 1.832 3.986 8.159 -.0171
2464 2,367 5.732 11.66 -.0307
5111 4.952 17.98 26,28 -.0635
1.038 10.08 27.11 54,84 -.1413
.5339  4.905 6.912 14.35 ~-.0301
6456  6.067 9.391 19.29 -.0497
1.258 12.02 20.22 41.19 -.1015
2,501 24,01 41.66 84.65 -,2183
2,521 21.78 17.61 37.69 -.1025
2.836 25.44 22.29 46,80 -,1032
4,876  45.61 44.57 91.68 -,2351
9.264 87.73 88.79 181.5 -~.4849
6.646 54,63 32.89 72.13 -.1817
7.1Y8  62.01 40.07 85.86 -.2182
11.27  104.1 76.51 158.3 ~.4248
20.58 194.2 150.1 307.5 -.8336
MTI-3134
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JABLE 1 (Continued) .

BE BRARING, VERTICAL ROTOR S
5o
x., CX CuB_  CuB
SW T sw SW SW
R 7 N X cK CuB CuB
i/ B & ) TR = X W -_yx
C SW NDILC NDIC w WDL(Z) SW SW SW SW
18.04 .0434 4,318 .4968  .02665 .2584 3.343 6.729 .00256
44.55 .0500 4.323 .4976  .03991 .3912 5.788 11.63 -,00230
133.8 .0549 4.326 .4979  .09622 .9486 14.89 29,90 -.0141
306.3 ,0567 4.328 .4980  .2059 2.035 32.47 65.21 -.0389
21.12 ,1054 3.718 .4908  ,1230 1.171 5.194 10.58 -.00222
47.50 ,1209 3.730 .4930  .1732 1.667 8.496 17.23 -,00881
139.7 ,1338  3.740 .4942  .4003 3.875 21.20 42.90 -,03069
317.8 .1386 3,744 .4945  .8447 8.186 45.79 92.59 -.0619 ]
24.67 ,1533 3,207 .4840  .3358 3.110 7.985 16.50 -,0115 )
50.84 .1747 3.226 .4882 4469 4.214 12.35 25.29 -,0200
146.0 .1953 3,242 .4906  .9847 9.381 29.92 60.99 -.0477 o
330.1 .2031 3.248 .4913 2,054 19.63 04.01 130.3 -.1217
29.85 .1960 2.682 .4747  .9105 8.112 13.22 27.85 -,02706
55.57 .2219 2.708 .4816 1,140 10.45 19.37 40.23 -.0374
154.4 .2512 2,731 .4866 2,362 22.13 45.23 92.96 -.09€S
346.2 .2628 2,740 .4880  4.833 45.54 95.89 196.5 -.1957
41.89 .2405 1.954 .4560  4.141 34.01 31.05 68.09 -.0670
66.61 .2691 1.985 .4676  4.741 40.96 41.92 89.65 -.083Y
172.2 ;3122 2,017 .4807 8,586 78.42 92.94 193.3 -,1821
379.5 .3308 2.031 .4846  16.82 156.1 193.7 399.9 -,4056
53.07 .2545 1.576 .4414  10.58 81.38 54.72 124.0 -.03635
77.07  .2824 1.605 .4554  11.57 94.80 71.23 156.4 -.1660
187.4 .3336 1.638 ,4776  18.75 169.0 152.7 319.8 -.3023
407.2 .3573 1.653 .4848 35,18 326.7 315.0 649.7 -.6616

-38-

WTI-%133

——y




it e SRR B aan s e Y e, T LY A A e W I

"y B . O Y Y.r‘tviutllohv..r.rnlrfltxb.l,.L;.».l!l!lf g
- ——— 3 *
20T5-1M
0668° GYyyv] ovever | ocvece | oeveen | eocr- o'y | 5576 - - == | g T} n1e |z jreseo: 0oyt | 9v-ov | csov- 134
"l 0651 | 0571 | #9576 | 11671 Jozeec - | sszy | ovsoe .- - == | 05T} 960 1| 99¢°T Jz2vc0" et | go'1c | ezoy sT°o
et 90T | wert s | covt | sizn- | ooy | zsze 691 o' 1t] 192 | sy riece: |szece Jossso- szvz' | ocUss | cuse” T°0
Ty 000t | ovee: ov'or | ¢16°3 ] so0°2- | o5y | ms ¢ YRl vUEY| A | t6s T loevet {eoey | zecT: 990¢° | 91'9s | cver- s1°0
060’9 (G M RN 16721 | esc-t | sos¢= | 9oy | cevc $99°1| 90°91] cysv° | oot * 1067t | vz s | T90% | ecor- 10
. (7%} 0ot | 9986~ wev ]| wul eeor-l tovz| v otes” | 26°1s| oviy | osocziizer | zocey] wegcn ey | 1y 07 | sov0° 00
. 10ty oSet | et ]| sy | peccy [o9vo- sy | oo -- - .- e 'z} oty t{oec’y {czrvo° sz | szoos | seov €0
st 0T | oveer | osebt | ezocr feriee | czc v | veys €osq oe-cv| ez | oce-z) ceziuimcy {euctor 001 | wires | tcey’ st
e $50°T | 990°T | 020'® | vosov | 09c1- | sys € | ove ¢ $S €4 L1°61) zoty' | vso-t] 990°1] ov-orj9cezo- e | ocoss | esice o
"y 6y’ | 6oy’ 619°8 | scou | cov-t- | zo6c | osc y SIC L 96°ZU| 0soy | 09 T[teus | 1091 ioyv0" Wt | 1909 | ceoc” sto
ey st | esvr” €0t | o1e T | 1eoy- | Tescy | eiy ey | sUSt) ey | sen-zhizes |zi-8z |vi090° TWC | 66719 | 01T o
ey oo | g358 - scov | escitf wwtT-| erz] an o952 95°ts| ozey: | ooezlcsov: | s-zen| cozs o6y’ | 1y | zeco- w0
o1l 01 ! o6st ' cue'e ] oeset Jeot 068y | Zoo's .- - - T0°T] Sty t|e00'y fvczin- 6szy” | 9sey | 119y €0
"t eyl osct] eses | tveer feece - | esccy | oses 0°¢yz| 9°¢vc| ozeo- | 129°z] sezivcutce lzscen oct | ores | ey szo
8£0°¢ 100°5 | 160°0( o629 | cos-t}| 2ese1- | ooo'y | 9e9s 082 99°L1) ecoc | ove'r! cso'1j105°6 {16450° secz° | 9t is | socc zo
ney oy | 0wy 208°8 | Te6°1 | 9292~ | 9v6°C | 610°¢ 90 c| sooct| veco | oco-zloson: | vsovrcsiso” €862 | v9'09 | ty08” sto
ey vy | sect’ 26°01 | 69T | sv0'y- [ 029 v | vos ¥ ez T| evvi| croy | wwrlizce: | o6°cz| svsr- steet | ss'19 | g0z 10
[ %) 058 | cce -] ewcy | zecvr| coctrel <z yz| srwr 96T T1] TU°vs| co6y’ | 98 T]izsy’ | 0°e91] g0t o6ty | sLoes | 9eco” 200
0ot vy'vl o wyn| teccs | uscc1 yore- 188y} 501 - - - tos-z] ¥ Y (et ¢ | zovwo: wer | ooy | eovye €0
[ 4% WU Uy I vew | 5991 |eucy - cov'y!| sci's - - - T8L°] 991 f06°y | 0YZL0° et | vezs| ety st
010t SELT | CCIU | 069 | ovinct] eyt -] 990y ! 009°9 €Te'y| scU6z| ysoc| voe'z] sto'tierss| wevre TEET | Y9 | eeic 20
0Ly oy | s 1006 § (00°T] 06T -] 666 c) 99s°¢ $OT°T| 09 Lnl 9ovty:! wzet) cee| Ty iser- veoc' | s0°6s | s162° s1°0
8-y §101° | 9ns0” LT L €9s T | 691y -] T0L°9 | ovo's 961°1] €6°91] cov'| v} €cT2| ¢s-0d sust: e | vto9 | ooz 10
£ 1y i tzv1-] vl ovcznl gecvee] 1z w5t €299° | sious| e9sy'| o) eany| cogzt] ez o6y | 0995 | weco- 00
1ot VUL ety T | eses | ogcecy focere ”wiyl 860t - - - ceeejevectfesot | 1950° 16C1° | 999y | cuoy’ €0
1902 Y1) sty x| 686 | ece 1 Jocest - oscy | esoe - . - I92°2] osT Tfes € {58260° €981 | 85°15 | czov” sT°0
i et O1°% | 9011 | o616 | con1| sov-r-| ceocw | s21e SYSL] sC 9yl 115T°] vole] cvesfr06°c | ssst” YL | ve'ys | zevee T°0
| ucy Ty t599- 98 L UIT]ove T -] sto'y | 109 o' 1| se0ot) oy | csict] 19omjeeos | se9z” 1wot: | e9uc | gowr s1°0
$L6°9 ”ee° | sivo OTL | Mes ) sty - 1900 1929 st | ov'erl essy'| eomz] v109°) ciostl zeey- 0C | Cves | orer” 10
. ey C1C°1+] 62v1-| vy | ervr] cvzze] errel evan 60ss” | oo'ss} otey-| cre-z] cevcc]| or-es] czic ey | 25795 | coco” 00 m-n
»
T | Tem| ! o oo oo o =t lau._ A I B Sl B SN T U R b h T et TN
- b < b ] < b3 T oM
TO = lavord "5V WOT ¢




$CTC-1IN .
v6ce” vee't | waza] wezw | voru]ozeo- | oscv |eovs sc-ay|ove c | vorv]  cost| 09y y 9c1°2 | cesoo- 6zz1’l 9105 | w9y o
261 ot | oserr) sore §oeoct|1zos- | sy lszocy oc-zzstos | ossed  evs-z| ve o oo e | eaioo ¥691|  00°cs| wseyr sz°o
yz osz v | ezt| stee | sevu| zsi1- | soz v [esocy 99°s1|soz°¢ | ctev] 9esz| esooy oty | astte” 892z  s9°8s| wesc: z°0
- s92-¢ 9% | wete | o068 | v v wss1-| ovzy [ezec ovuyjzeee | osey] <vo-zfesss | 9999 | ezeto et veor9| sare st'o  |ooo'os
100> covs | a2 t601 | ¢6:1] tsoe- | soscy |osgc tcoe [v06°6 | 6zev] te9-zfosco’ | eo 1 ezreo- evot:|  weove| orcz 10
699 | otss - | vzes-| osov | veses | 66 c1-] zeesr| cvon 9ssy | c1ac| vwey] meczliooz | vesd ocost: wey| 9959 | cevo z0°0
w6 et | wen| osss | sviot|wozor | 699y |1e99 vs-97] oo 1| seez oo 2| ozvd vzrz | setro- sstt|  esien| seoe- to
6261 osv-1 | covu| eecs | eovtfemve- | wivy {19776 1s-st} cr-ot| see] sesz) 1z 19672 | 19916 1 1soes | ey sz°0
~evg ot | oseev| ezse sevu] vt | sozy |zevey 209°8 [vis°9 | vesy| 9gs 2l teo 1] wsz'y | voszo- vzl ovss| zeie )
it 1696 | 9096 | atc's | tost| ever- | wizy [scoow 9c8°s | 206 | secy|  9t9-zjosvs | otes | rieca- avez | ocwo| gac st 00001
ﬁ s6C°s s1ss° | sezs sttt | e98°1 | 00c- | 126y |z00°e 966°¢ | zg-o1| cuey| 189°2|z029° | 09°01] 99950- 9| ze't9 | caze 10
; tse] oo |osi-] evie]oore| szer-| soer| o901 vos-z | coec| ooy | ezrozfovsz | zied cmov- zecy']  91'se| 9ovo 2
e’ sovt | wset] zwee |etztdsost | szey |stecw 295 2| eve 1| 16671 | o1920° wer|  zeay | sy 0
; oL 1951 | 5o t| 106 | 9oyt {soos - | osz'y |erece 1 ctsz| ovi-y 6ee 2 | cvnco- | sotes| sary sz
; #:°2 svecr | et ! zove | wzoru| rsui- | szvy {wess sveo | oust| escc| e9s-2|ecis” J oo e | scesor ezl coras| we o
: 095 € sto't | too-t] zze's | eocv| ever- | sor'y lesece accc | sz-zrf osver| wro'z|essse ors's | escso s00¢'|  s8ves| conz- s1o | ooor
i 195 tecs” | 0005 1 | o0t | oz c- | owee |avecy tvo2 | s6-z1| orey| eco-zfsoss |evc-s | 1191 oocc| 0529 |- 99z T'o
. e ] o99- Jcose-| 06| tose| veere] west| szm wurv ) ovon| ciev] socczjevzr | wesd oot 2e9 | swo 200
¥
: 3 1 i T v
: " " 8 A n A n Shan | A o oo || a2 s "oyl o » w05ty )
. .N x
T ! f ew o Zg T, %% e e LR R T, e

T Wi e . e oo

(penuzved) T ¥y

-40-




P T LR TR R

oy

g

i
'
:

e

2,000
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30,000
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0.0907
0.1578
0.2902
0.4149
0.5138
0.5995
0.6777
0.8182

0.0369
0.1680
0.3075
0.4366
0.5365
0.6213
0.6977
0.8314

0.1013
0.1756
0.3209
0.4541
0.5560
0.6414
0.7170
0.8470

0.1028
0.1783
0.3257
0.4604
0.5632
0.6492
0.7243
0.8532

TABLE 3

PLAIN CYLINDRICAL BEARING

L 1
D2

2L

S c W
4,778 94.74
2.654 53.14
1.278 26.50
0.7377 16.19
0.4791 11.23
0.3198 8.111
0.2107 5.884
0.07786 2.884
2.878 148.7
1.609 83.47
0.7835 41.24
0.4610 24.84
0.3061 16.97
0.2091 12.00
0.1415 8.493
0.05618 3.899
1.149 180.3
0.6440 101.3
0.3165 50.26
0.1891 30.48
0.1277 20.95
0.08900 14,91
0.06171 10.61
0.02595 4.830
0.5313 181.5
0.2979 107.6
0.1469 53.46
0.08818 32.52
0.05992 22,43
0.04204 16.02
0.02941 11.45
0.01269 5.270

Csz

w €
7.202 0.0964
7.039 0.1672
6.719 0.3068
6.483 0.4366
6.701 0.5379
7.592 0.6246
10.75 0.7017
- - 0.8365
6.318 0.1019
6.190 0.1766
5.968 0.3230
5.846 0.4578
6.058 0.5617
7.222 0.6495
9.920 0.7266
- - 0.8562
5.785 0.1058
5.667 0.1833
5.469 0.3346
5.381 0.4727
5.549 0.5780
6.464 0.6562
8.053 0.7430
- - 0.8714
5.664 0.1072
5.493 0.1857
5.302 0.3388
5.213 0.4781
5.357 0.5840
6.183 0.6723
7.458 0. 7488
- - 0.8754
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p-t
BB
S cC W

1.353 26,88
0.7594 15.29
0.3757 7.937
0.2267 5.168
0.1549 3.850
0.1095 3,009
0.07730 2.388
0.03433 1.466
0.7948 41.13
0.4458 23.21
0.2202 11.72
0.1327 7.331
0.09076 5,238
0.06441 3.921
0.04583 2.982
0.02139 1.699
0.3133 49.20
0.1759 27.75
0.08720 13.98
0.05279 8.684
0.03624 0.146
0.02579 4.535
0.01836 3.377
0.00851 1.791
0.1442 51.98
0.08102 29.33
0.04021 14,77
0.02441 9.174
0.01679 6.486
0.01197 4,777
0.008535 3.544
0.003933 1.83¢%

5.288
5.197
4.952
4.714
4.532
4.676
5.031

5.144
5.056
$.799
4.543
4.369
4.314
4.271
4.648

MTI-3136




10°1 10° R = JOURNAL RADIUS
C = RADIAL CLEARANCE
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Figure 1, The 3 Lobe Bearing, Schematic
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! Figure 2, The Hydrodyramic-Hydrostatic Ring Bearing, Schematic
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Figure 5. 3 Lobe Bearing, Vertical Rotor, %- 1, Stability Map
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. APPENDIX I: The Static and Dynamic Performance of a Partial Arc Bearing with
Turbulent Film

To calculate ths load carrying capacity, the friction, the flow and the dynamic
coefficients of a turbulent lubricant f£ilm it is necessary to solve Reynolds
equation. This is done numerically as described in this appendix. '

In & turbuleat lubricant film Reynolds equation is given by (see reference 1):

h_ JP R oPT_ 1 4+ Oh
Rde “It/&Rae] az[zn,.az] ER"’Rae ot o (a-1)

where P is the film preasure, ,/R is the lubricant viscosity,R is the journal
radius, W 1is the angular spead of the journal, © is the angular coordinate, )
(see fig. 54 ), 2 is the axial coordinate, t is time, Gx and'Gz are turbulent
flow coefficients and h is the local film - thickness:

. " h = C+ecse (A-2)

Here, C is the radial clearance (the difference between the radius of curvature
of the bearing surface, and the radius of the journal, see fig. 54) and e
is the eccentricity (the distance between the journal center and the center of

.
SO MPRINCPNEIIR T A E g R S S I 43

curvature of the bearing).

P tmet S =

Reynolds equation, eq. (A-1), is made dimensionless by setting:

.2 )

[=3 (a-3)
T=owt ‘ (A-4) i
h= E"’ =l+g ose (A=5) 4

v é:é- . (A-6)
pw(BF ~ M5 W/LD (a-7) ';
' -95- :
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wvhere W is the load carried by the bearing, L 1s the bearing length, D
is the journal dismeter and:

w

(X 1s the journal speed in rps, i.e. W=2TN)

2 -
Sommerfeld Number: S= #—NLL’(g) (A-8)

Substituting eqs. (A-3) to (A-7) into eq. (A-1l) yields Reynolds equation in dimen-
sionless form: :

&[6-5'5‘5]*3;‘[&?%%632%% | (a-9)

The dimensionless turbulent flow coefficients Gx and G g ATe functions of the local
Raynolds number P.h:

R, = hRe | (A-10)

Reynolds Number: R. = g'g}%& | | (A-11)

gis the mass density of the lubricant.

The actual functional relationships between Gx' G, and R, are given in reference 1.
When comparinyg with ref. 1, however, it should be noted that Gx and Gz a8 used in
the prusent analysis are larger than the values given in ref. 1 by a factor of 12
such that for laminar flow (Rb - R. = 0), Gx and Gz ars equal to unity rather than
1/12 as in ref, 1.

From eq. (A-10) it is seen, that for a given Reynolds number Re R Gx and Gz are

functions of @ only (since they are functions of h) and do not depend on the
axial coordinate [ .

-96-
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. Before solving eq. (A-9) it is convenient to give it anmother form. Introduce
. the new variables: _ :
4
G= é: (A-12)
H= h"“G,% @) 1
Y=PH= PA*G:' (A-14) !

vhereby eq. (A-9) can be written: I
) SY _ 1 dH., I h.,0h])
§g+6§?¥ ﬁé’?‘f"ﬁ[bﬁ*mgﬁ} (A-15)

Asgsume that the journal operates under static conditions with an eccentricity

ratio £, and an attitude angle ql where, in the present analysis, the attitude
angle ¢ is the angle from a fixed x-axis to the line connecting the center of
the bearing with the center of the journal:

|
.r“‘
v
X
) Figure 54: Geometry of Partial Arc Bearing
-97-
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The static equilibrium position ( g, ,% ) is perturbed by giving the journal center
4 suall amplitude motion with axplitudes ( g,, @, ) and corresponding velocities

( t, 2 ﬁ ) vwhere "dot" refers to d? . Hencs, the instantaneous position of the
journal center is defined by:

£ = £° + e.
(A-16)

P-4

vhere §,4K¢, and (P. << (p. . This motion causes similar perturbations
in the film pressure and the film thickness such that:

Y=Y teY+e QUL Y+l (A-17)

H=H,+eH,+eQ H, (a-18)
G= G, 1€,G, 1], G, (A-19)
h = |+g,c050+£,Cas0 +£,§, sine = h,+ €, cose +€,, sine (A-20)

Substitution of eqs. (A-17) to (A-20) into eq. (A-15) yields 5 equations to determine
the static pressurs and its four perturbation components:

d ’w 1 BH, 6 Qhy . _ bsi
LRI AR SRR A ) a-21)
o ) & SH, _ H, &H,

', I 6 .. h
%;l ~H, 36 Y, E(?’?— i 3-9-;)?% G. o E(Smo+s: %;‘) (A-22)
o%

'3 2 ﬁ4 a
%%'*Q o ";"{%‘K%(%% ;%3‘55')7% Gzazz ]:L("“” ‘Eza"') (A-23)

3 > | &H, ., - lRcose
%£?+€.3%“p:3—ef %N (=20
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2 az I 2 N
3_;{5 +6, ..d_;fg -5 %.ti;m = 131—9'_"." (a-25)

Comparing eqs. (A-21) and (A-25), it is seen that:

Y=-16 (A-26)

The boundary conditions are that the pressure is ambient (i.e. zerc) along the
peripheri of the film. Hence, at the sides of the bearing, P=0 or:

=2 F (22%}): y=0

Since there is symmetry with respect to ;=0 , this condition can alsc be

written:

I=5: V=0 LYY= Y =m0 (a-27)

(A-28)

o g L% % 0% W
- o7 AT S S 1 A 1

If the film is complets over the entire beariang surface, the two remaining boundary
conditions are that the pressure is zaero at the leading edge and at the trailing

edge of the bearing arc:

o 36,

P Y=0 So Y=Y =%=Y =1, =0 (a-29)

No film rupture

-9
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On the other hand, the film is frequently not complete. If any portion of the
bearing arc is in the diverging part of the film (i.e. 180 < @ £ 360, see fig.
A-1), Reynolds equation predicts subambient film pressures in this region. These
subambient pressuras cannot, in general, exist unleas the bearing is submerged
completely in its own lubricant. Instead, the film contracts such that it does
not taks up the full length of the bearing, and the pressure in the contracted
film is zero. Thia is called film rupture. On the boundary between the complete
film and the contracted f£ilm, the pressure is zero (i.e. eq. (A-29) is valid

wvhen & and O, are adjusted to give the angular location of the boundary).

In addition, a second conditon is:

| F _ P _
t. 69- ;—0

or since Y =0 on the boundary:

WV _ v _
5o = St=0

Let a point on the boundary have the coordinates (o,}‘ ), 1.e.:
on free boundary: Y(s,3)=0 %‘Lx"‘ ‘g;l ; (A-30)

Under static conditions the boundary has the coordinates (& ,Z. ). For small

scale motion of the journal the boundary is pevturbed such that:

e=9,+de

{=1,+41

(A-31)

where do and 5; are small quantities. This results in a similar perturbation
of the pressurse variable 'lr

Y=Y, +8y (A-32)

-100-




Expand 'ly in a Taylor series from a point on the boundery:

Yo ])= Yo L)+ 3¢ so+ 3] 53 =0

1 :
vhere terms of order O have been ignored. Iatroducs sq. (A-32) to get:

Yiol)= Uylo, ) + 5Y(0, L)+ 5] 5o+ ]85 =0 (-39

with ‘%(ew{o)g '3'?']08 %%L:o as the given boundsry condition, this equation

results in:

Yle,,1,)=0 (A-34)

Comparing eq. (A-32) with eq. (A-17) it is seen that:

sy =[ahrepuriradn ],

Since €, J ?, ) E., and ?, are independent variables, each of the four
pressure perturbations must vanish independently on the same free boundary as
obtained under static conditions. Hence, the complets boundary conditions at the

free boundary becomes:

on_'"zero order” %‘—' %em' = %%" =0 (A-35)
free boundary 'l}', =Y,= Y, = 1}’4 =0 (A-36)

Hence, the location of the free boundary 13 determined from ths solution of %
(i.e. the steady-state solution). Orce the boundary has been establisbed, the
perturbations ¥, ¥ ,1}’, and 1& are to be solved over the same domain such
that they vanish along the peripheri of the domain.

To determine the coordinatasz of the fres boundary, substitution of eq. (A-35) into
eq. (A-21) yields:

-191-
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on sree boundary: ;%‘% ‘l"G.'%% = ‘& 'g'z"

Let the fres buundary have the coordinates (@,[ ) where @ is considered a

function of { :

%=¥

Ty

The inward directed normal to the boundary is h

»6

(A-37)

Since all derivatives along the

boundary are zero, Y, can be expanded in a Taylor series from a point on the

boundary as:

%= 4 9 (anf

From the above figurse:

(an)= o[ 1+ (jg)‘] = ¢(I+ tan'p)

(A~38)

(A-39)

®
By a coordinate transformation, g, can be found from eq. (A-37) as:

S luiprc inple L'eq

{ ]
an? de?
Combining eqs. (A-38) to (A-40) yields:
dh, +tan?

Hy de  (osp+ G, sintf of =Y, =0

-102~
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. or since CT'S'p =z ’+fan‘ld=' 1+ (j?)z:

3 gh [+ rg’p‘l’ .
Hy do "*Gc(;) 6-%=0 ‘

This equation must be solved together with eq. (A-21) as described later.

(A-42)

Equations (A-21) to (A-25) are solved by finite differesce methods. A finite
difference grid is introduced with i-axis along the [ -direction and | ~axis

R ¥

along the @ -~direction:

j0 1 2 3 - = - — = — — = — = - m |
by /1 L ; v i
o o | g
AN SRR SO N AU U -
f 1" f T T 1 - 3
TN A D D O
: : oo _: :' [—free boundamy ;
. SR S R N R R
1 M 4
° n L1 . 1 1.1 1 1 . i
B«\rm’ ¢ ;
‘rotation !

Yigure 55! Finite Difference Grid

There are h increments in the ; ~direction such that the length of an ' j

increment becomes:

(A~43)

al=+ +

In the © -direction, the arc length of the bearing pad is subdivided into equal

increments of length A© .

In order to write eqs. (A-21) to (A-25) as finite difference equatiocns, conaider

the grid point (1,3):

-103~




1 f%o,‘

Figure 56: Finite Difference Grid Lines

‘H

Here, dw
Mo . p- ]

the free boundary Hence, for most points o =& = = , and only

for ths ) — 8rid lines closest to the boundaries do d“’ d or /31 differ

from 1.

and /3, are introduced to taks into account the location of

Eqs. (A-21) to (A-25) ceu be writtem in the general form:

 } ]
g-;( +G,-3-;§ +¢,g:=rz+r,v;+g%-§? (amtdy
wvhere: ’
f=- I'E %':..‘; as3)

and where (z ) f, and ﬂ are only functions of © which can be determined
by comparing eq. (A-44) with any one of eqs. (A-21) to (A-25). Thus, ﬂ“ﬂ =0

for 1”1’.,,% and Y,

 Referring to fig. 56. eq. (A-44) can be writtem in finito difference form as:

T,Pi)";!'?}{-,w +[ﬁl-m ; i}’hf'; + +/!,)AI %l

+d;”(d.‘“’+24.‘"',60" b ¥ «(;"'(4;"'+zd.~‘“’)ne' Ygn = | e

£t 06~ g5 6 1%, + 4, 63,??)2? [ 70, +(%)‘.ﬂ",] ,.
-104~ ]




. Introduce ths n-dimensional vector (P’-‘
%
R
¢, 1.’ A-47)
X
Yo
vhereby eq. (A-46) can be written as:
]
AO+8,8.,4G8, =F o |
[
J
Here, 15 is an n-dimensional vector whosn elemsuts ars given by the right j
hand side of eq. (A-46), A; is an nxn - matrix, and B, and G, are /‘
nxn - diagonal matrices. Noting that UYp) =0 and 1""’113 ‘"’._,‘, "from the given ;
boundary conditions, the elements of the matrix A, become (first index gives ;
row number, second index gives column number):
: 2 2Gy, !
- - -— é t é
- (Aj){" "1‘ d"“)d"‘.’ Ael Pj AI? '—‘—h ;
L] ZG . 3]
(Al)c' i = p-(n/s-;“' £(< i
s ) 2 ‘J. . (A-49) 4‘
(A) s _ZC_.J_z 12 4n-1
37,in (H/’;)AI

All other elements are zero such that A, isa tri-diagonal matzrix. The elemeots
of the B, -matrix and C, -matrix are:

= Li&
(B,)h Ll al) st 14i&n
' (A-50) :
2 1€(4n

<C ) 0 e, (]
J li J" (d;""(; )AQ’
All other elements are zero.

To solvs eq. (A-&B)I define an nxn-matrix, D, , and an n-dimensicnal vector E;

~-105-
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such that:

G-y =D &, +E,, (A-51)

Substitution of this expression into eq. (A-48), ylelds the following recurrence
relationships:

D=~(A+8D.)¢=~ G ¢ | (A-52)

EJ s (AJ'P3J Dj )" (S-B) E}_,): G] (6-8’ Ej-l) (A'53)

In figure 55, the points on the free boundary should be at j=0 and j=m. Since
Y=0 on the boundary, the boundary condition becomes:

¢. = ¢n. =0 (A-54)

HBence, from eq. (A-51):
D=E,=0
after vhich eqs. (A-52) and (A-53) can be ured to calculate D; and EJ step by

step, starting with j = 1, until § = m-1, Then eq. (A-51) is employed, letting
jgofromj=m , wvhera Pp =0 , to 3= 2.

In this way the solution for 1}’ kas been obtained. It should be noted, that since
Aj’ Bj and cj are the same for all the Y/ -equations (i.e. eq. (A-21) to (A-
25)), then the D -matrice and the G,-matrices are also the ssme. Thus, Dj and GJ
con be stored in the first V—calcuhtiou and used unchanged in all the remaining

w -calculations.
In order to avoid a singularity when §,=0 , it is most convenient to solve for

Yy first from e . (A-25). With Y,=~3 &Yy from eq. (A-26), the equa-
tion to determine the free boundary,eq. (A-42), becomec:

-106-




ine I+ 10k 2
(‘SH- ) 5+G.(l§)f1 o' =l =0 U-55)

To solve this equation it is necessary to have a first estimate of the ‘%
distribution available. PFor this purposes eqs. (A-52) and (A-53) are used directly
such that j=0 corresponds to the leading edge of the bearing arc and j = m
corresponds to the trailing edge of the arc. Ian the "back-sweep”, employing
eq. (A-51), any negative value in a ¢J ~vactor is set equal to zero before
computing the next ¢} ~vector. Based on the '% ~distribution determined in
this way, eq. (A-55) is solvad step by step, letting i go from i=n to i=l. At
ien, j‘g =0 such that eq. (A-55) is d:uduy solved for the cotrﬁponding

© -value. At subsequent i-values, ;-? can be expressed in terms of O
and the previous & -values, allowing the complste boundary to be establishad.

Once the free boundary is knowm, d{’) ) d,(" and ﬁ) can be found for use in

the finite difference equations (see f£ig. . 55), a new 1(;, ~distribution can

be computsd and the correspouding new bouidary can be found. This process is
repeated until the relative differance between two subsequent boundaries is

smaller than some preassignad error limit. When the final boundary has been « .
sstablished, the solutions for "h ) 1}': and '% are obtained simply by matrix
multiplications. -

The film forces have two components acting in the journal center: a radial
component Fr directed towards the bearing center and a tangential component
positive in the direction of rotation, (see fig. 34). These forces are obtained

by integration of ths film pressuraes P:

L
K ¢ ei (- cose
2 P Rdedz (A-56)
8, $ing

Ft (+]

~-107--
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or by substitution fr u eqs. (A-3), (A-7) and (A-8):

3 £

ATl R P
SW T uNDL(EY ( _ %r_ Jp{coso}doq
(R LR 5 L, (sine
tSW T ,uumj!» X
Combining eqs. (A-14), (A-17) and (A-18):
P ¥ = B+ B B e[S g Bee

At the same time, ﬁ. and Q can be expanded as:

e’ {r -
f,:,,.-rg—if -a——s,qi.-i- 9"5_‘*2‘%&4’.

and similarly for ﬁ . Thus, nublt:l.tuting oq (A—SS) into eq. (A-57)
and comparing with eq. (A—59) results in:

gf.. Lo 4 .
[ 3 T S [" }& H :% {-COSG}JGd
s — - [
3{‘ } 5 ) Y [ o Ho H"] 5ing
A o
s.orqv . T F“ﬁ-g:}” { - }dodf
{':a-l; % Jo a ° Sing
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(A-57)

6.? (A-58)

(A-59)

(A-60)

(A-61)

¢!

i ol o ammittin. Wi - okt P




- —————

o ——

: b oo
~-Co
2 —7,:'- % de dT (A-62)
')—‘,! D Ho { sire
de 9 ‘e,

4 5 (% G
=@se
“ - —11—- % do d; {A-63)
f L : '
t%‘é; D ‘% J ~ LSine
a4,
fro L, 6,00
=36 (A-64)
‘to f:%%

For convenience in combining sevcral bearing lobes and also to eliminate the changing
polar coordinate system (i.ae. ?p changes with applied atatic load) a fixed
cartesiac in x-y-coordinate system is introduced as shown in fig. 54. The

following coordinate transformations ars resdily deduced:

“F = fRas@tFsing, (A-65)
-F‘, =Fsin@,—F¢ s Po (A-66)
). -
i £ cosP (A-67)

-109~
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-

Sw

g e e B

from which:

% Tgsing

)

5_:. - .C!. (OS¢° 3% - "'t_{o Sin ?9
o _ ¢ _ |

a‘j C SM(PO a_‘;f = EE. cosq)'

Thus, from eqs. (A-65) and (A-66):

Fe
CL(KX --%(Sw)— (di €vs (P+ Sm%)(osq) (5—‘@ (05% 5—‘5‘-? Smﬂ)&n%

C_ny :_Q( F ) (c)fr C°5%+ : gin@)sin%ﬂ-(é{r (osﬁ +E%§p$c'nq’°)(05%

tap

CKy =—§_(f!_) :(%Sin(}’, - cos(V)(os(P ( 6.0 5 Sinf, = 60?(05(/&)5.»@

QK;;.;-%(.& ): (d& sin), = (oslp)Son(P,, (E 09 sinf), -&0?(05%)(‘05%

w()(g-t Sw

Sw

C Jk
‘,;';dé-}’)(SW) ( -+ sm?) smq’+(@?( osf)+ 5‘"?)“’54’
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(A-68)

(A-69)

(A-70)

(A-71)

(A-72)

(A-73)

(A-74)

(A-75)




© N
Cw By =---J—-}(5w) s.n(p, 3t (os(P)sm¢+ qa?s'nﬂ":—d%(“ﬂ)“”%

'g{;’ = £ wsf, + &, sin,

0

- -S_V&V— = ., s5in{), =k, o5,

The forces acting cn the journal can, therefore be written:

- dx
E‘F;o"'Kxxx"Bxxﬁ'

E

y Ero"“’w""&;xﬁ

The static load on the bearing pad 1

(.‘3‘)(5%\7)( sinfy~ 9 csp s - (c,'fqnW

Kay 4 = By 0F
‘K‘w?'B‘ﬂﬁ%

8 W wheres:

-111-

(oslf )Sm%

(A-76)

(A-77)

(A-78)

(A-79)

(A-80)

(A-81)

(A-82)
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(% Ty

or, with the definition of ﬁ. and f% from eq. (A-57): .

_ |

The friction forcs F‘ acting on the journal is determined by integrating the

i shear stress over the wetted area of the journal. The shear gtress is:

== , ~ uRw 17 P -
e T=4RC T tzh ke . (A-84)

i where C; is the turbulent friction coefficient. In laminar flow with R =0,

% % R,. C; =] . For details, see reference 1.

_,:.f The total friction force then becomes:
— F= Zg S T Rde dz
oty
: ° e
- = ’ .
== Introducing T from eq. (A-84) and making the equation dimensionless by means .3
== of eqs. (A-3), (A-5), (A-7) and (A-8) results in:
s

’ g | - {9:. A o %.‘ 3 .
T E——LSW =7T) FRC, 1l do +2 “;‘SSI—.B;dedf (A-85)

: D

T e

where R~F‘ is the total friction tcrquz. The last integral in this equation

can be reduced as follows:

LY b & 6
(g de = [ har =hP]°'-S P Joda = & Pino do
L]

9, ®, & 9,
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wvhersby eq. (A-85) becomes:

[
_C‘sw =M} T—dot+ FTh

R _F j "#RCe
(A-86)

Turning next to the flow, the volume flow per inch in the circumferential direction

is: 6P

CiRaf -G 2
2 Roe
The volume flow per inch in the axial direction is:

__ . k9P
% = T Ru Jz

The total flow is found by integration which, in dimensionless form bacomes:

[oe "{

NDLC ledml,e

:
h*%@h’f] 98 47 4-87)
Do

b
G fr, o _r 31[“9_5 ]
[NDLC ],m, edse [2 h = 7z Geh 15 , 98 df oze, (a-88)
e,
Q. } T | -,(aP
[NDLC sides - 4 IBL Gz"ﬁ d; F%de (A-89)

whera Q, 1s the total side flow (i.e. for both sides of the bearing). For flow
continuity:

+(Q,)

( O")lud.d” = (O") sides (A-90)

trail.edge
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1f there is film rupture at either the leading edge, at the trailing edge or at
both edges, the intsgrals in eqs. (A-87) and/or (A-88) are zero, and the remaining

tarm, g h must be integratad along the boundary.

Huving described the calculation of the dynamic coefficients, the load carrying
capacity, the friction force and the flow, it remains to determine ths various

functions in the basic eqs. (A-21) to (A-25). With:
hy, = 1€, 050

the derivatives of Ho become:

H, de H, dho de
Lol o dbe gy 1 gl dy
H, det ~ H, dh, de ' H, dk, \de

Expansion of H vields:

H=H,+ gTH‘(A'h,) = H,+¢, g%cose +69, :—:L:-’sfne

or, by comparison with eq. (A-18):
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(A-92)

(A-93)

(A-94)

(A-95)

(A-96)

(A~97)
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from which:

|
o )(osego an (A-98)

| a! ! l’ ! d .| dﬁ%
n-o—-g_* z=$ine A, ‘;L% + [:"r?, sing+2 ‘%’(ose]n". i—% + (;g')s:ne‘jlm (A-99)

These equations contain the first three derivatives of Ho with respect to ho‘

The derivatives are found from Eq. (A-94):

LdHp_ 31 11 dé
H, dh, ~ 2 h, ' 7 &G, dh, (A-10M
2 4
LdH, 31 .31 1d6 _ 171 dGg\ 11 dG
Ho&?:'z'ﬁf"'zh.a,ﬂf 4(6,, dh,)"'zc.,,d;,: (A-101)
M 30 9L dG 9L dGy, 31 db)
o dii= " TR T ERG dh, Sh,(G,JT,:)+l(G,d,)
30 de i d 301 d% 11 d
4 Gy dh, Gy dh.’*ﬂ.&,&'é*za,,m (A-102)
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where
I (s R (_L d_c_s)
GX d’!o ¢ GX dkh
) dz y . pdf|d JtG
G o - R (GG

1 dGy R (L a’a.)
G 7 Rl T8

Since Gx is a given function of the local Reynolds number Rh’ ‘the three derivatives

of Gx are known. For laminar flow, these derivativer are zero.

Similarly, eq. (A-12) can be expanded:

G=G,+ ‘;il%: (h-h,) = G, +¢, ‘;'—%: cose + &0, %,% 5ing (A-104)
where:
- (1%
<, (;; (A-105)

(A-~106)
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In this way, all rthe coefficients in eqs. (A-..) to (A~25) can be evaluated and

the equations can be solved as previously discussed.
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APPENDIX 1I: The Static and Dynamic Performance of the Three Lobe Bearing with
Turbulent Film

The three lobe bearing is made up of Lhiree arcs:

Figure 57: Three Lobe Bearing

The centers of curvature of the arcs do not coincide with the center of the bearing. -
Instead, the centers lie on a small circle with radius r. In this way the lobes

are pre-loaded.

For the purpose of generality, assume that each lobe has its own pre-load radius
r=r . Introduce a cartesisn x- y - coordinate system with origin in the bearing

center and the x-axial ia the direction of the applied static lcad:

Bearing center
—=

Lobe center of curvaturc
€
r

P
1 4

(4

% Journal center

)

¥x
Figure 58: Geometry of Single Lobe
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The journal radius is R and the lobes have the common radius of curvature:

R+C, where C is the radial clearance. The center of the lobe is removed from

the bearing center by a distance rp, and the angle between the x-axis and the

line connecting the two centers is q@ . The distance between the journal center
and the lobe center is the lobe eccentricity €p , and fi is the angle between
the x-axis and the line connecting the two centers. With respect to the bearing

center, the journal center has the eccentricity € and the attitude angle ¢% .

From fis. 58.
CgosPy = ep 05GP + 1y cosfp
(8-1)
ey Sinf) = €y sin(fp +rp sin ',
Introduce the eccentricity ratios:
e
: €= =2
Cl ]
¢ (8-2)
A= - SL
e S35 and the preload:
r
- £
B $= ¢ (3
- »,, !
";ﬂi. whereby eq. (B-1) becomes:
s ff
. & (os% =& (os% -5, cos'(}’,
(B-4)
Hence:
J( . . 2y )2
&= E,(os(P,—J,(asIr;)z+ (€y5in )~ 4, sinlp) (B-5)

-120-

eI =D L T, ST Uy Tz




o ————— Y T ] AU 510 WY P 4 8 el 8 s e . T et et AR LR R L b o il o B

N7 T N

(P =tan™ [&, SinQs — Jp“"’Vp]
P

E, Cos ?& - ’;r Ccos VP (8-6)

Thus, for given coordinates of the journal center with respect to the bearing
center, the corresponding lobe ecceatricity ratio and attitude angle can be deter-
mined. The angles from the lina of cencers to the beginning and the and of the
lobe become:

8= é%gh "q}

(8-7)

2
S RN AR ST 53 7 T T W Tk P Al A o 0 P g

!'_‘ ‘f &= St — P

Thereby all the data raquired for caiculating the lobe are known. The calculation
is described in Appendix I.. Performing calculations for each of the B

lobes making up the bearing, the properties of the composite bearing are obtained
by a simple summation over the lobes:

= 1B <&

.‘ -ﬂNDLIRC)z

‘ Fyo S Fe
i ot = 4 (5]

’P¢1:

T | R _Fk < 7 _
| ¢ aworeEr - 2 (8a) 10 :
i NDLC % (NDLc)p (B-13)
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-,;g:i' CKx - < CKex
| Rl = 2 (5w) . @12

l »
o Cw B:x - Z (Cwax)
R - q = e t—— _
i
L and similarly for the 6 remaining dynamic coefficients.
K The total hydrodynamic bearing flow is the side flow Qz. To this should be added,
o

however, any "surplus" flow from the grooves between the lobes. To illustrate,

the circunferential flow from lobe p into the groove separating lobe p and lobe

e (p+l), is (Qx)p,trnil.cdge (see Appendix I, eq. (A-88)). Similarly, the cir-
cunferential flow out of the groove is (Qx)p+1, lead, adge. if (Qx)p,:rail.edge

is greatesr than (Q‘)p+1, lead. edge’ the difference should be added to Qz. Other-

wise, there is no surplus flow. .

- 1f in eqs. (B-8) to (B-13), the x-direction is considered to be the direction of
the applied load W, thea for static equilibrium:

F{,, =0 (B-14)
—Fo=W (B-15)

This condition is satisfied by performing the calculations with a fixed value of

s (os(fg and vary &y 5in ¢B until eq. (B-14) 1s fulfilled. Then,
combining eqs. (B-15) and (B-8):
5= ANDL (R (_ e )“
w \c/ T\ uNDL(B) (B-16) .
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where S is the Sommerfeld number for the bearing, Theresfter the bearing

friction and the dynamic coefficients can be given in a different dimensionless
form than in eqs. (B-10), (B-12) aad (B-13): ' ‘

R F R k

cw=9 (f/«NDLig)') (3-17)
WS ) (/A_—W’NDL )) (8-18)

Cwa, - ) Cwat

W (,uNDL(E)z) e-19)

and similarly for the 6 remaining coefficients. This latter form is to be
preferred except when the bearing is unloaded in which case the original cxbr-ssions

are employed.

In order to express the stability properties of the bearing, a symmetrical, rigid
rotor with a mass of 2M is considered. The rotor is supported in two identical
bearings. Assuming the tramslatcry critical speed to be the lowest (corresponds ‘
approximately to requiring that tbe trangsverse radius of gyration of the rotor
is less than half the bearing span which is normally the case), the motions of

the two journals in their bearings wiili be in phase and be the same. Hencs, the

mags of the rotor can be divided in two equal parts, each of mass M, and lumped

NI A

at the journals. Hence, the equations of motion for a journal become:

dx d S
M P = =Ko X = Bulf =Koy y = By It | - -
(B-20) =
4
dy _ o dx -
M dit = ‘K,xx B‘l'dt -&7‘1 -B'jjj? e o222

-t
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At the threshold of instability, x and y are pure harmonic motions with frequency
v » 1.0,

X 2 X, cos(vt) = x, sin(vt) = (xaix,)ebt (B-21)

and similarly for y where:
L= V-'T (B-22)
Hence, eq. (B-20) can be written:

(K= My*+iv8s) (K,,,HvB,,,) X

(B-23)

]
o

(K’g +(y B,x) (K”-MV"H:VB;") '1

These two aquations only have a non-trivial solutian when the determinant is zero.
Equating the real part and the imaginary part of the determinant to zero results

in:

Kxg K - 7 -
My2 = By + ""fg:: + gz'&"-'ﬁ"ﬁl" (B-24)

yi= (Kﬂ'MV‘>(M”MV‘)—kx§K’x
Bxx BI,’ - Bx, B,x

(B-25)

Computing eq. (B-24) first, Mwv' can be substituted into eq. (B-25) whereby the
instability frequency V 1is determined. Thereafter the corresponding journal mass
M is readily obtained.

The results ave most conveniently represented in dimensionless form. For this

=124~

a Cndd w0




purpose, eqs. (B-24) and (B-25) are written:

Clar . Gabyy 4 Gl Clnbr Chey. G Cex Cally

CMN 2 SW SW SW Sw  Sw  Sw
XY =
4T 8y (&) Carbr , CuoBig
SwW Sw (5=26)

™~

o (5ot Ol S - w66 G

w CwBo CwbByy _ CwB wgg
W Sw SVV (B-27)

where the 8 bearing coefficiente are in dimensionless form as defined by equations
(B-12) and (B-13).

The ratio £ between the instability frequency and the rotational speed is known
as the frequency ratic. Under most conditioms, £ =z {‘ . The instability
mass can either be expressed in the form given by eq. (B-26) or inm the form:

CMot CMN

W 41ts ZaDL(BF (B-28)
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APPENDIX 1II:The Stiffness and the Damping of a Hydrost tic Bearing with an
Incomprussible Lubricant

In the hydrodynamic-hydrostatic ring bearing where the lubricant is a liquid
(incompressible), the outer bearing is a purely hydrostatic bearing. This
appendix describes the analysis for calculating the flow, the stiffness and the

damping of a hydrostatic bearing.

The basic equation governing the flow through the bearing film is Reynolds equation
in which there is no contribution from journal rotation:

*3 .= =3 -
Egzll?“/:ga—i)]+fz—[l§h;g]=%:_ (c-1)

. Here, P 1s the film prassure, M is the lubricant viscosaity, t is time, R ia
journal radius ( outer radius of ring), © 1is the angular coordinate, 2 is the
axial coordinate and h 1is the film thickness: '

h = C+ecose (c-2)

where C is the radial clearance and e is the eccentricity between the bearing

center and the journal center.

To make Reynolds equation dimensionless, set:

(C-3)

-
"
wol~o4

(C-4)

.
]
(1> o]

(c-5)

—
n
AN
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T=wt B (c-6)

Thereby eq. (C-i) becomes:

3 4P 3
B+ R E)=0 2

(c-7)

where:

Ps is the supply pressure of the lubricant to the bearing and v is the frequency

of the motion of the journal,

The flow is supplied to the bearing through n restricted feeder holes. The flow
restriction may sither be accomplished by an orifice or by a thin tube, the lstter
method demted as the laminar restrictor. In the case of an orifice the mass
flow through the feeder hole 1is given by: A

Ve F -
Orifice Restrictor M, =(, Ta® T (c-9)
T Vi (g

where My 1s the mass flow im lbs.sec/inch, Cp is a discharge coefficient, a is
the radius of the orifice, 9 is the mass density of the lubricant, F‘: is the
pressure downstream of the feeder hole at the inlet to the bearing film, h is the
dimensionless film thickness at the feeder hole and & 1is the inherent

compensation facter:
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d 1is the diameter of the feeding hole.
both through the orifice and through the '"curtain' area between the rim of the
_ When d20 , the flow restriction
takes place only in the orifice whereas d 400 mesns that the curtain arsa

Thus eq. (C-9) assumes a pressurs drop
feeder hole and the journal surface..
dominates as the restricting mechaunism.

It is also possible to restrict the fiow by simply relying on the feeder hole

The viscous drag in the hole causes a drop in
The relationship is given by:

itself to provide the restriction.

pressure as the flow passes through.

Laminar Restrictor (C-10)

B ;/a[ (Ps"E')

where £ 1s the length of the feader hola, a is the radius of the feeder hole

and the other syubols are defined above.

The two restrictor equations can be written in dimensionless form as:

%ngf;’:LAg‘ =dsm (c-11)
where:
‘E‘B%D—nﬁ—_?‘ A%, Orifice Restvictor
A= (c-12)
na’ _
8 Afz Laminar Restrictor
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(__N-R Ovifice Restrictor

v('_"’(ﬁp/(hé‘)

m= 9 (c-13)

(1-p/) Laminar Restrictor

.

Here, Pé - F:/P vhich defines the pressure ratio across the feesder hole. The
symbols A and s; will be defined later.

Jﬂg is known as the restrictor coefficient and it is the governing parameter for
the performance of the hydrostatic bearing. It defines the ratio between the flow
resistance of the bearing film and the flow resistance of the feeder holes.

To calculate the bsaring performance, Reynolds equation, eq. (C-7), must be solved
together with the feeder hola flow equation, eq. (C-~11). The present solution will

be based on the fact that the journal in a hydrostatic bearing normally operates close .

to 1its concentric position. This means that the journal center sccentricity e
is small compared to the radial clearance C, or in terms of the eccentricity ratio
£ :
€
E=C (C-14)

€ 415 much smaller than 1 (in practice the solution is a valid approximation for
£« values as large as 0.4 to 0.5). Thuas, the dimensionless pressure can be

written as:

P= R+eR+£P (c-15)
where:
:_de _ | de
€E=2r T Cv dt (C-16)
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The dimensionless film thickness is found from eqs. (C-2) and (C-4) as:
h= |+ £cose (c-17)

Substitute eqs. (C-15) and (C-17) into eq. (C~7) and collect terms according

to the perturbation variables:

3 2

P
gﬁ + 3}‘: =0 (c-18)
b1 i R
5; + 3—;-‘, = -3sine Jo (C-19)
IP 11
—3—;‘, + %{3 T dg(ose (c-20)

Consider first eq. (C~18) which gives the solution for the pressure in the film
when the journal is concentric in the bearing. Under that condition each feeder
hole has the same flow and in the analysis it is only necessary to consider an

axial strip belonging to ons feeder hole:

4©

d_ (r«w hole o fer
=\ . n
X

e 7 &

i

Figure 59: Axial Strip

The atrip extends over the length Lz of the bearing and its width is z"“?h.

Hence, the ranges of the coordinates are:
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or dimensionless:

(C-21)

wvhare:

§,=

. c,“:‘

(C-22)

and D = 2R is the diameter of the bearing.

The boundary conditions are that the pressure is ambient, (i.e. it is zero) at the

ends of the bearing and there is no flow across the sides of the strip:

for 51‘1;2 H . E,=0
(c-23)
"or 6=1’g! 3%30

The solution of eq. (C-18) 1s then the solution of the potential equation for a

rectangle with a source in the center.

If the source strength in E, the solution
becomes:

hin§,(2k+1)) =)
=‘é ( [ cosh(nt; ] (c-24)

G:sh(({ﬂkf,)n) ~¢os(ne)
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(see reference 2). To determine the source strength,the flow out of the strip
which, of course, is the same as the flow HBO through the faeder hole, can be

computed:

) -
4", S _2R
My, = J'J S —Rm (——{L’“"
(]
3,&,_1.” ¢ - ’ ok - 3 sinh((T+ D) dne) _ 7 = '
gCh i J (a‘)w‘do i %C‘z_:.( N Losb(({ﬂkf.)n)'(osw =2C 29
Hence:

- 3
%C = E%MT:‘ (C-26)

The pressure P;c at which the flow enters the film, is taken at a point on the
rim of the feeder hole with the coordinates I‘-’OI 9"/ D where d is the feeder
hole digmeter. Thus, from eq. (C-24):

’ ~ 3un
P, =3Chif, = iLC’%“”' (c-27)

§
where:
. Z cosh {nf, (2k)) = ] |
A= ik ) (1) log [ bl _ i
hfs - ) Cosh (2knf,) —Cos(n§) (¢-28)
d Single Plane Admission
Since D << | , eq. (C-28) can be written with good approximation as:
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~ | @5‘\("2)" -~ 2 D
AT @.log !-_(osi(_n?] = l+';-f;'°,('—'2) (c-29)

Single Plane Admission

If there are two admission planes, there are two feeder holes per axial strip and
£43.59 1s modified to:

- feeder holes

TR  SRRPUTAUR (N DU TR DU ¢ T

Pigure 60: Axial Strip

With a total of n feeder holes, thare are 1/2n holes per admission plane. The
length between admission planes is Ll’ and the total bearing length is:

L=l
The ranges of the dimensionless coordinates for the strip are:

~(5+5)< T4 (545

1 + L2 such that L2 becomes the combined length outside the admission planes.

(C-30)
4. e
Zn‘ £ £ 'y
where:
5= bL" (c-31)
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The solution for the pressure distribution is found from the method of sources
and sinks to be:

(c-32)

=Sty [[osh(3Es2Eer)) -1 ] [cosh (D5, 425 +2EED) -1 ]
R=C Z( I loy [ [cosh (3(5-F 42k rE)) ~ces (o) cosh (3 (T, #2k (§;#;)) =05 (Re)

Defining the ptcuuru, P'c dowastream of the feeder hole to be the pressure at:

(I 0 19D ) ) 4% (C-27) can be employed with:

l) I[cush(i(faek(ﬁ&)) =1 J{cesh(} (§+2§+zkﬁ))..| ] J
‘01 [COS h (hk (fa’fx» (05 ) 1 [ (OS‘I(H (54- k@fﬁ))—(oﬂgg )1

Double Plane Admission

‘Nm

(C-33)

y=2
ng L

nd
In practice, 2D << whereby an approximate expression for A becomes:

=i lo

(C-34)

[[a:sh(?ﬁ) -1 ] [cos(R (g +2EN) -1 J] =1+2 (@_
["'COS(%)HCosk(nf. ~cos(26)] nf, 27\ nd

The perturbation of the film pressure defined by eq. (C-15) causes a similar
perturbaticn in the flow. From eq. (C-13):

mzm,-r&[(d,,'Zl"'f'(ﬁ"-),foso] té (g'%)g: (c-35)
Y I1-P, Orifice Kestrictor

mo = (c-36)
|- a: L aminar Restrictor
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vhersby eq. (C-35) can be written:

memetel (oo 2 URI-E E VA

In solving eqs. (C-18) to (C-20), only for the first equation is an exact solution
readily obtained as shown by eqs. (C-24) and (C-32).
equations it is necessary to perturb the source strength.

Qritice Restrictor

n rictor

Orifice Restrictor

Laminar Restrictor

analysis this will be done by an approximate method.

In the present

(C-37)

(c-38)

(C-39)

(C~40)

To solve the two remaining

Assume that there are infinitely many feeder holes. Thereby, the febeder holes

form a continuous lins faad from which the flow 1is purely axial.

per inch of circumference becomes:
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9P _ oF = in Mp
1%,% & ¥ ]z,ﬂ‘ 2NR -4
vhere Zp= T - 1/2 Ll. In dimensionless form: w
— P_ ] _3unMs | Ay m )
[ aq - o ];,;, TWRCR AR R (c-4n)
wvhere:
s . [, = % = [-§ | | (Cc-43) /
Substitute from eqs. (C-lS),. (C-17) and (C-40) :l.nt? eq. (C-42) to get:
R _ OB ] -
Al RENES AR C - .
P _ IR . I+ §Jt . I~ o

Iz 15 7)
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a -
[3? - %?JN.: 2 (C-46)

whers:

C A | BunMa
= " fCR (c-47)

and J 1s defined to be zero for the laminar restrictor. Making use of eqs.
(C-47) and (C-37), eq. (C-39) becomes:

2
A )
1,3 Wﬂ . Qg&gs_kgt_;i_gt_oz. (C-48)
A Laminar Restrictor ’

f

With the assumption of a line feed instead of discrete feeder holas, there is no
variation circumferentially in the prassure when the journal ia concentric in the

bearing. Therefors:

(C-49)

¥
i
o

Hence, the solution for P can be found directly from egs. (C-18) and (C-44) as:

9(5-T,) 041,46, Gr:F£T4(15))

(C~-50)

45, 0£T4E_ .

oV
]
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e
e . The pressure at the line feed is:

Poc= 45 = Aim (c-51)

Comparing eqs. (C-51) and (C-27):

P.: = Asmo= AR, (c-52)

which gives the actual pressurs downstream of tha feeder holes in terms of the
approximate line feed pressurs. Inserting eq.(Q36) into eq. (C-52), the feeder
hole downstream pressure is found to be:

e [ * 'AS [. ./L,+ m ] Orifice Restrictor

. ! | (c-53)

T . Lsminar Restrictor

Then:

8-0

(C-54)

-
]
-

Thus, the exact solution for Po’ eaq. (C-24) or eq. (C-32) cen be replaced by the

wvhich means that only in the immediate neighborhood of the feeder holes is there
any significant difference betwsen the two solutions. This localized affect can
be ignored in computing the load carrying capacity of the bearing.

-139~

approximate solution of eq. (C-50). The total flow is the seme in the two cases
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'Turning to the solution of the perturbed pressures, it is again assumed that the

feeder holes can be represented by a line feed but with a correction introduced

for the pressure downstream of the feeder holes to insure a correct flow. Actually,
this correction factor must be determined from a perturbation of the source strength
in eqs. (C-24) and (C-32). However, in the present analysis it shall be assumed
that the same correction factor as derived for Po’ namely A , also applies to
the perturbed pressure. In other words, it is assumed that:

’
Re = Afe (C-55)
Be=)B,
The solutions are taken in the form:
P = H, cose
(C-56)
P,=&H, cose

vhere Hy and H, are functions of I only. Thereby eqs. (C-19), (C-20), (C-45)
and (C-46) become:

Z—a’ - H, =0 (c-57)

a1t (c-58)
i _ dhy g BES
[dl dl, L:f.- ¥ lvgt ~¥He (c-59)
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[SA‘%- j—';:]kf,: ~YHee

(c-60)

vhere eqs. (C-59) and (C-60) serve as boundary conditions to eqs. (C-57) and

(C-58). The other boundary conditions are:

-0 : dH, _ dH, _
a =0 ¢ d“ﬁt-o

ﬁ_t_;szz_(;ifaﬁzli H,=H,=0

The solutions are obtained directly as:

[ H, o D&TSF_

¢ cosh,

H, =1

inh (§,~T,
He B peper

[(Hect1) S8 = Degsg,

LLIET inh
 (Hyet) S20B0) 4 S ) gepeg,
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(C-62)

(C-63)

(C-64)
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wvhere:

N o= 3 41?-‘ sinh§,
1¢. 7 coshf, + [+ 1aah§, ] sinhf; (c-65)

- ws_"""‘fz +
Foct 12 Cosh§, + [ +tanh§, ] sinhf, (c-56)

The force P exertsd on the journal by the film is found by integrating the pressure
P in the film:

SPE B 4
F= "j ] P ose Rde dz (c-67)

Making use of eqs. (C-3), (C-5), (C-22), (C-31) and (C-15), eq. (C~67) becomes:
€5 on .
F=*2R2P,} [ (P+€P+£€P)cose do d (C-58)

0 (]

With Po given by eq. (C-50), it is seen that L of course, gives no contribution

to the force, i.e. F, = 0. Substituting for Pl and P, from eq. (C-56) yields:

(Fi152)

F= -zer'P,I (eH,+£H,) d] (c-69)

9
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Since the solution has been linearized, the force can be expressed in temms of

a spring coefficient K and a damping coefficient B:

F= e+ 35§=CK5+CvBé (c-70)

where e is the displacement (the eccentricity) of the journal center, see eqs.
(C-14) and (C-16). Comparing eqs. (C-69) and (C-70):

5+h
CK = -Zﬂ’R'ES H, df (c-71)
®
A4 2
CvB = -27R'R, dI H, dT (c-72)
0

In dimensionless form:

C Ly
K S {H dl (c-73)

(LL)DR &+

56,

CB _ _ ém
MLALID(F) T T, LH df (C-74)
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With substitution from eqs. (C-63) and (C-65), eq. (C-73) yields:

H'J' CK /\"' 3n gA
ks (LitLy)DR 2(5,+5)  CoshE, + [+ tanh§]sin

IY; [cosh§, = 1+ sinhf, fanhE kc-75)
P}

In this form, the dimensionless stiifness is a function of three parameters omly:

A'S ) f, and fz . The factor: Qxfz depends on J{s

only (see egs.

(C-53) and (C-54) and the parameter sz , therefore, is also a function of

only (see eq. (C-48))

With substitution from eqs. (C-64) and (C-66), eq. (C-74) yields:

1 sinhf=+f°L"fo"""5+w(2‘“hf’-zmn,1ﬁ tanhﬂ)] (C-76)

8 . err[l-
/A(L’{’L')D(g) - E cosh§, + (+ tanh§,)sinh§,

The dimensionless damping is a function of three parameters only: AS ,f, and ;z .

The total volume flow to the bearing, Q inch3/sec, can be defined in dimensionless

form from eq. (C-47) as:

W%Afz =g/\§:ﬁx

=144
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ad

. .

which depends only on Jl, and is independent of §a and fi-

Eqs. (C-75) to (C-77) are used to calculate the design charts for the

stiffness, the damping and the flow for a hydrostatic journal bearing with an
incompressible lubricant.
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. APPENDIX 1V: The Stability of the Hydrodynamic - Hydroatatic Ring Bearing with
an Incompressible Lubricant '

In the hydrodynamic-hydrostatic ring bearing there is a ring between the journal
and the bearing. The ring is prevented from rotating but is otherwise free to
move. The inner diameter of the ring is D and the outer diameter is Do‘ The
radial clearance of the inuer film is C and that of the outer iilm is Co. The
bearing length is L.

Figure 61: Hydrodynamic-Hydrostatic Ring Bearing

As shown in Appendix I the dynamic forces of the inner film can be expressed
in terms of 8 coefficients: K ,K , K , K ,B ,B ,B_ and B . The
X" Xy yx yy = Xxy yx b 24
outer film, on the other hand, requires only two coefficients, a spring coefficient

Ko and a damping coefficient B, as given in Appendix IIX.

In calculating the stability properties of this bearing, the rotor is assumed to
be rigid and symmetrical with a mass of 2M. As discussed in connection with
eq. (B-20) in Appendix II, the rotor mass can be lumped at the journals wheraby

each journal is assigned a mass oI M.

Then the equations of motion become:

M 5—1’-‘; = = K lx=x0) = B dﬂxiﬂ ~ Ky y-4) -B"S d.Sttm) =-K,x.-8,$"

Q.

Y o_ _p di-xg) _ _p dleg) _
. M = Ko (x-xo) By Tgr* ~ Koy ly-y,) —Byy “ﬁ‘“"&qrﬂ.% (o-1)
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where x and y are the ampiitudes of the journal center, and x, and y o 8re the .
amplitudes of the center of the ring. In these equations, the mass of the ring )
itself has been ignored because it is small compared to the journal masa. Eq. (D-1)

is meds dimensionless by setting:

: X= CL §= g' (p-2)
% = C& Go= e (0-3)
| T= wt (0-4)
K = Ch (S) RLD, Gk
#NOLBT ~ \&/ sw 3L, . ®=2)
L = - Cw B, _ j;" JL.’ C;BL
= B~ orer = 216 () -6
= _CutM _ , 2 CNM
M= oW - 4T ;DL_(E’ (-7)
— Ko
K, < fe - __C_(g)z o8
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7 _ CwBy = CwBa ' L
By = SW -ANDW (D-9)

and similarly for ny, Kyz, K”,Bxy, By: and B”. "Here, W 1s the angular
speed of the journal and S is the Sommerfeld number. Thereby eq. (D-1) becomes:

x4

M = = Ko (3-5,)- B, (3-8) =, (§-5.)~Bxy (5-5,)=-F, %,- B,%,
(D-10)
MY ==Ky (%%,) - By o-%,) = Ry (5-5,)-B,, (§-4.)=~K, 3,~ Bu,

d
' t —
vhere "dot' refers to ar

At the threshold of instability, the motion is purely harmonic with fresqueacy
y such thet:

X =X cos(vt) =%, sin(vt) = 0?:{ (x‘v;ﬂ')?,)e‘.'rf | (>-11)

and similarly for y, x, and Yo» Where:

Y= 5—- (D-12)

Then eq. (D~10) can be written as:
Fl" X = (R,,ﬂ" Bo) (%-%,) + (R,,., +Hy 5,,.,)(9‘-«7,) =(3\7.+q B)x%,

(D-13)

Mpg = (Kypetiy B (®-%,) + (Kyy +iy By NG-5,) = (Koviy B.)g,
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Solve for x, and ¥ :

i"-‘ﬂ—@]—z-i

K+ip By
(D-14)
- Ml“_ -
o Ko+iy B, 1
and substitute into eq. (D-13) to get:
(= A AL = z -
(K -%ﬁq&) (K,,,-u’xﬂg,) X |
4 | , =0 (0-15)
- . = (K+yB)Fy . A
ISR . g |

At the threshold of instability, the determsinant of the coefficient matrix
vanishes. PFor convenience, introduce the abbreviations:

_ (KrigB) My
E = R."ﬁaz"'il 3. (D-16)

yA k-" +i‘ gxx (Sfmihrl, for Z,,,Z,,,Z.”) (D-17)

With this notation, the determinant of eq. (D~15) can be equated to zero to give:

E' = (Zue +Zyy E 4 (Zp Zyy =2y L) =0 (>-18)
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with the solution:

E= $(Zw*Z,,) Vi(Z,,-Z,)'+ LuyZys (D-19)

where only the root with the minus sign in front of the square root is of interest
wvhen studying stability. Set:

G =®Rf4 (Z,,,—Z,,)2+Z,, Zye}= 3 (RoimKyg)+ Koy Kooy Bor=8,y) -8y B (0-20)

H= ‘é 3’»{#(2”"24")“"2!72,:}: ‘ [t(Rn"faﬁ)(Bn°g”)+£ (En’g’t*‘z,xgg)](n-zl)

whereby eq. (D-19) becomes:

E = $(Zo+Z,) = | VIGHEFIRT) +i(FFGHEHHY) | o2z

Set:
E=Ky+iyB, -2

where:

Es=§(K,,+R.,,)-H(G+VG’+4H!) (D-24)

ﬁ,’fﬂﬂ‘n-r&,)fY%(—G‘*VG!“:H') (0-25)
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: Combining eqs. (D-16) and (D-23) yields: .

R"= ﬁat[,*ﬁ‘: ..__@-:rﬁ-li.._] (D-26) .

(Ko-FpY+ (y B

~ C\R 2 Y&
| : - (ﬁ 2 py =3 -
L ) Bs I) (K.- p,,,fi_,_ (x 5.) | : (D-27)
/
Eliminate ﬁ’z/ [“?o’ﬁ ]')z“" " Bp )z ] between the two equations to get:
oo BayBt Ry
Fy - KapbtiyBy 025
Y8118
b
.*. Substitute for M r into eq. (D-27) to obtain an equation which contains y as
' the only unknown:
=TI = \2 Zro? 7
yB [+ (B | +y By [K'+ (yB7)] =0 (0-29)
= Since iB and )vi.n, as seen from eqs. (D-24) and (D-25), are rather complicated
v functions of J »a (D-29) 1s a higher order polynominal in ) vhich caanot .
s be solved in closed form. Instead, the solution is found numerically. Once the

roots for ar have been obtained, the corresponding dimensionless journal mass M
is found from eq. (D-28).

1z M 1is plotted as a function of -B-o for a fixed value of io’ it is found that under
certain circumstances the rotor is inherently stable, i.s. M 9 . VWhen E-m,rvo
such that eqs. (D-24) and (D-25) yield:

(D-30)

1By~ = V= R(R-R, 4R, K,

~152~

L4

PR, . —_— e e e+ e e oY e e < e o]
e




where (i( er Kq,) + Kv, Kpr) ‘0 which holds true except at large eccentricity

ratios. Solve eq. (D-29) for | /xgo

+yBy +¢ HotyBs ’ - K
"‘é“"' ; JB’ Y, (0-31)

N‘-

¥ Bs

For a given value of K and with KB.. g defined by eq. (D-30),
this equation allows calculation :B / ] for I =0.
Noting that:

eq. (D-28) yields:

x»
"“s

(D-32)

5
- L 7"*;_@" g2
+

'_’ M{%*) '(,s.)’(,‘%:)’[' &1

Corresponding to the two roots for ¥ /) BD from eq. (D-31), eq. (D-32)
yields two possible values for M. The rotor i3 stable between these two

values,
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APPENDIX V: THE STIFFNESS AND THE DAMPING OF A HYBRID JOURNAL BEARING WITH A
COMPRESSIBLE LUBRICANT ‘

In the hybrid-hydrostatic ring bearing which is gas lubricated, the outer bearing
is purely hydrostatic whereas the inner bearing, supplied with pressurized gas
from the outer bearing, is a hybrid bearing. This appendix describes the analysis
for calculating the load carrying capacity, the flow, the stiffness and the
damping of the hybrid journal bearing but the analysis applies equally weéll to the
hydroatatic bearing.

For a compressible lubricant under isothermal conditions, Reynolds equation

becomes:
9 B 59P) 1o APR . Y(PR)
Rde [l?,u Rde ] + dz[ P ] =z Rw g a1 (E-1)

wherethe symbols are defined in connection with eq. (A-1), Appendix I. The
equation is made dimensionless by setting:

= %% (E=-2)
T=yt (E-3)
h= g‘ |+ €cose . (E-4)
&= f (E-5)
P= ‘E (E-6)

whereby eq. (E~1) can be written in dimensionless form as:
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)‘[" ol %(PM'I"'%“M]:ZA%%PH‘M:A 36‘_1’_”_'.) (E-7)

de de T
where:
, Coupressibility Number: ' .A. = QPLQ (E-) (2-8)
C a .
Frequency Ratio? x= % " (E~9)

In the purely hydrostatic bearing, & = 0 which means that .A. = 0, I~ that

Caser: ,

. .
Squeeze Number: é= 2]-’1. = LZ'L"! ('E?') (E-10)

Eq. (E-7) is non-linear. It shall be solved under the assumption that the eccentricity
ratin € is small whereby the pressure variable can be expanded in a perturbation:

Ph= F,+¢€R, (E-11)

In making use of eq. (E-11) it shall be assumed that the pressure, Po’ which is
the film pressure when the journal is concentric in the bearing, does not deperd
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on € (n.c. J °/30 20 ) . This assumption implies that the flow to the

bearing is considered to be supplied by a line feed rather than discrete feeding hole:
A correction factor will be added later to adjust the flow.

With this assumption, eqs. (E-11) and (E~4) can be substituted into eq. (E-7)
whereby two equations are obtained. The first equation is simply:

2
gf =0 (E-12)

In deriving the second equation it should be noted that eq. (E~4) is based on

e being measured from the line conrecting the bearing center with the
journal center. The angle between this line and the static load line is the
attitude angle ? + Therefore:

9"— E-13
T jL:smnu-t ( )

Thereby the second perturbation equation becomes:

O(sPpP) , &{eRP) A J(ePP) A dERR) 2
e + e (I 2,4’) qf G- =-ewsoh
(E=14%)

Under static conditions, the journal center operates at an eccentricity ratio
g, and an attitude angle (ﬂ, . Letting the journal center perform
t
a harmonic small amplitude motion ( E,C'Vt ) ¢ ety ) with frequency V¥V

around this equilibrium position, the journal center coordinates become:

Ex€, +E '
(E-15)

P=G+¢ e’™
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The corresponding changes in the pressure variable can be expressed by:

€RP = &9t €e7g, + 6, ey, | (2-16)

Set:

o= &G e} (E-17)
9‘= fcf Cif fC{G,{{)Cp}} (B—iS)
?23&{‘& Rz{G,(;')c”” (E-19)

vhere: { = {-1and j= V:E‘ With these definitions, eq. (E-14) gives rise to 3

equations:
2
e (VT IR A | (220
2
2
fT?'* (1) %+ g R)6 = - g G, | (2-22)

The length of the bearing is L. There are two admissiodn planes separated by the
distance Ll’ and the combined length outside the admission planes is L2 = L-Ll.
Since there is symmetry with respect to the centerplane of the bearing, the
dimensionless axial coordinate ranges from I‘-‘O to §= (f“l'fz)
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where:
)
D .
(E-23)
=L
£=D
It i convenient to intreduce an additional axial coordinate:
ng‘ﬁ
so that 04555.
At the end of the bearing the pressure is ambient and equal to F, , 1i.s.
P= I"/l’. « 1 at ;'z’f, which means:
F; =:(;' =:(;'-= |
32 (E-24)
Gz=o .
oP/.. _
At the centerplane of thebearing, /‘5{ =0 whereby:
-_-,o: Q—Pﬂz.d_g_’:jld :é—gl-_:o .(EZS)
, ] ~dl ~ di T d}
There are %01 feeder holes per admission plane., The mass flow through a
hole 1is MB. Thus, when the admission plane is represented by a line feed, the
flow per inch is N M, / 4TR . Hence, the boundary conditica at the

admisgion plane becomes:

I=f,,L=0° %,"—Z,lnm, = h[ ( %’ﬂ)ﬁ, - ( %"j)w I (2-26)
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vhers R is the gas constant and T is the total temperature. Expand the right hand
side by means of eqs. (E-11), (E-16) and (E-4):

%%Qnm -(Hccose)( [P’+2;PP] (dl o;)[NZ(zI’PHeP uso)]

.( ik [P +2¢ (q,+£Pcose)+25c"(9, coso)+25.4;e‘”",] (E-27)

whare subscript ¢ refers to the condition at the admission plane.

Next, the left hand side of eq. ( E-27) must be expanded. Let the volume of a
feeder hole be represented by V e and let the flow into the feeder hole be Mc. The
pressure in the feeder hole is Y;. Then a flow balance for the feeder hole volume

can be set up:
M'= M — ‘%\{t‘f“) (E-28)

vhere -' P" / “T is the mass deniity of the gas in the feeder hole. To
nake oq. (8-28) dimensionless, set:

M VRT _

_m___
fal g = W (E-29)

where J is the inherent compensation factor:

2
Q
d= Ic (E-30)

Here, l’s is the supply pressure, a is the radius of the orifice and d is the

diameter of the feeding hole. The dimensionless orifice flow m is given by the
standard equation:
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c.ﬁ:‘.“_(fn)ﬁ ¥ f.-“gf-.)"5 |

mn= (E-31)

W E(E) - (B @PeE

wvhere CD is the vena contractacoefficient. Actually, cn is a function of the
pressure ratio P’ /P .

The dimensionless form of eq. (E-28): becomes:

l

_n¥% |

where:

A - hd’ v RT . |
Restrictor Coefficient: § PS c? +d (3-33_)

/ P
Pressure Ratio: V= "5: o (E-34)
=/
ot B |
R = ‘p: - | (E-35)

The restrictor coefficient, -A., » 18, together with .A » the governing
performance parameter. It gives the ratio between the flow resistance of the
bearing film and the flow resistance of the feeder hole restrictor.
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From eqs. (E-11) and (E-16):
4 -(-?)‘ = (I-c0s0) (B +€P,) = P+ [(¢PR), ~ €P coso ]

= Qc+ é‘ Ifo(%c' Po:COSO) + *-'.C‘.r(%c‘ e:("“)-‘.f'ﬂ Jr’" I (E-36)

On this basis and making use of eq. (E-13), it is found that:

g*‘:'= PL [e,c"(q aso) + e,, ¢, c‘f(yu —(3—3') ,,,,,)] (E-37)

Furthermore, m must also be expanded:

(p)) (P )= M.+(§’-§:T) 7 E,(?, P’l(aio)*t',t‘ r(q,: (059)*2'.%!‘ 72‘]

(E-38)

where:

U
P
me = m( -V‘f) (E-39)
Introduce the abbreviations:

4
9= AV'm, (E-40)
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| 7%'2 AE\!‘ ( ;—g’j’) (E-41)

‘n"D L C P." (E~-42)

BEqs. (E~37) to (E-42) are substituted into eq. (E-32) which is then compared to

eq. (E-27). Collecting terms according to &, y E, and ﬂ ) four
equations are obtained
A P
('é&) =~g9t Jo) | (B-43)

Y

();' Z(HJ’) wso T, (7" P tie) + ( .)‘ - (E-44)

Qf

(%)
(g%: Ty —2 s +y +iyAy) (3 -5 coso)+(‘i?) (e-45)
(7

, (%*‘Z)AW%‘“?MW(( +n$'"0) (d; (E-46)

In these equations, the primed quantities refer:to the actual conditions at !
. the feeder holes whereas the unprimed gquantities derive from the solution based :
on the line feed assumption. Thus, it 18 necessary to establish a relationship

between the two conditions in order to apply the equations. This is done by
the same method as employed in Appendix III.In other words, consider the case §
where the journal is concentric in the bearing (€=0 ). Becauge of symmetry,

it isthen only necessary to consider an axial strip: 1
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Figure 62: Axial Strip
The solution for the gas £ilm pressure, P;, can be obtained from the method of sources
and sinks as:

o= | + 18T 4 z( 0l [[mh(!(_f.mff.fm) -l ]ﬁosh(i’(ﬁ*?f.*?klifm)-l]}
g 'nz Y fash (205+ 21(5i95) ~cos(30] leosh (B +2k(E5)-wsol] (B-47).

If thers is only one admission plane ( f,=0 ) with h feeder holes,the solution

becomes (see refesrence 2): :
ot 4 €T by [ cashln(2ken) =1 ]
= e M.',%.( ! gl cosh(n(f,+2k,)) cos(ne) (E-48)

In thesas two eqt'xat:lons, HB is the mass flow from one feeder hole (concentric journal).
The prassure, Poc’ downstream of the feeder hole is defined as the pressure on the
rim of the feeder nole where [, =0 (ce.l=F) ad 029D

(d = feeder hole diameter, D= journal diameter). Since d << D the dominant

term in the series in eqs. (E-47) and (E-48) is the nne where k = 0, which is the
only term that needs to be considered. Define:
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Double Plane Admission
z( ” [cosh(R(E +2KFH) =1 ] [cosh (8 (Er2E+2kiEsE)) ~) ]
ha = ush(nk({,ﬁ,)%ms(i 4 ”cos‘l(n(f,-rk(ﬁ*f,); ~os(3 )]

[esh@5) =1 Jwsh@Es200-1] | o .
[1-cos(28) ][ cosh (nE)~cos(35)] AE, 9 (nd

N

)
;;?'I

Single Plane Admission

L5 &y [coshlnf o) =) ]~ n [c.,:.(..;,) ,]
A-"fzg_(.n ’q[ash(?nkf,)-as(ng) nf, l W J-astnf) ¥ ’+ ’°7 nd)

Then the downstream feeder hole pressure becomes:
2 buRTnM
L e M = AV <R
a

pl

Now, o is a function of —99 (see Eqs. (E-31) and(E-39)), From Eq. (E-51):

A,;A ( -] =m=m (}

This equation can be solved graphically:

Ma\(—

M= Fa P,
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P.
Knowing .%Q’ q can be calculated directly from Eq. (E-51). In addition, the

slope (a(z)) of = at -95 can be computed whereby ]K is given.through Eq.(E-4l1).

The corresponding line feed solution can be determined from solving Eq. (E-12)
with boundary conditions specified by Eqs. (E-24), (E-25) and (E-43):

0efeg  Behgg,

(E-53)
__04. 51_551_ at___ H’? (fa';a)
from which
= lgf, (B-54)
A comparison between Eqs. (E-54) and (E-51) yields:
4
fn's.:l =) (E-55)
Pe ~I

This establishes the relationship between the actual feeder hole downstream
presssure: and the one obtained from the line feed solution, based on a con-
centric journal. When the journal is eccentric, the flow from the feeder trles
i3 no longer confined to the axial strip shown in Fig. 62 and, furthermore, the
source strength changes. However, to get an approximate solution, consider a

rectangular strip as in Fig. 62 with a uniform film thickness. 1In that case,
the ratfo:
2

k-l
2
-1
stays constant, independent of the film thickness. Assuming that this relationship
is valid even under dynamic conditions, Eq. (E-36) can be us=2d to expand Eq. (56):

=14 26 ((BR), -Riese) ) 2
Xr‘ <1+26((BP)-Pleso) .‘-n[ ~1+2e((? ““’“' _‘« "':“")1

)=

(E-56)

-166-




from which
”

P.‘ ", ':A
P = |

(fP.P,):— ff;:(oso = A [ (tﬁf.)‘ ‘fﬁ: (05"]

The first equation checks with Eq. (E-55). The second equation can be expanded
further by means of Eqs. (E-15) and (E-17) to yield:

Gic = Frcos8 = N[ g,0= Pt oso ] (2-57)
G = P.':coso = A ' - P coso] (E-58)
%o =4 G2 (E~59)

Define the parameters:

) AV (4
Vo=AY, = - -?'-’2— (3—(%'—7)) (E-60)
YAy = '"hD\i.C A(ﬁrlﬁ) .

Thus, Eqs. (E-57) to (E-61) can be substituted into Eqs. (E-44) to (E-46).
.- Noting that:

P2 cose = Ref Bl e
Pl sine = Ref-be e’

and making use of Eqs. (E-17) to (E-19), the resulting equations become:

Ge . 4G, - :
(a_(;}‘ = Zﬁ%‘) + u‘ (G“-gc) + :?)‘ (E-62)
( T g AnGo-) + (%) ey
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(E-64)
( )= (W4 A0 Coe =3 AY, (G B)+(%%)

These equations together with Eqs. (E-24) and (E-25) are the boundary conditions for
qs. (E-20) to (E-22).

It is geen directly that:

=) (G,~G,) (E-85)

It remains to determine the solutions for GO and Gl‘

Po is constant between the feeding planes, i.e. in the range Ce ; £ §1 as given
by the first of Eqs. (E-53). Under these circumstances, GO and Gl have closed form

solutions:
e R Jboer
2 2
6 e Ho T i @
where:
dot )fh = JH, ﬁ" (E-68)
apeitarsp) = Vi h +igd (E-69)
2 [%(l+y/|-+_£;_)]"' (E-70)
o= [$(-14{1+ 7 )]% (E-71)
o = {f, [x.+l+ (zr,ﬂ)z-r(::r,*"%}‘)2 I}Uz (E-72)
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p:{ﬂ-x,-l+\/(x,+n’+(x,+é)’ ]}u’ O (&-73)

4, {4 [t +{ G+l 27 1 | @
pe{d w0+ - £ ] } | 7%
Ry (T T A @10
x4 (A ) R BT I
(%), =[G~ I‘—;](d,#jﬂ)fanh(d,-r//s,)f‘ P
(fis')‘ =[G IW](“’I/’*‘(“ ,,s))fanb(a+,,3+.'a,+,,s,));, RCED

These expressions can be substituted into Eqs (E-~62) and (E-63) to eliminate the

two derivatives.

Eqs. (E-20)and (E-21) are solved by numerical integration. They have the general

form:
;ﬁﬁ ~EG=F (-80)
L3

wl}ere: E { "fj'%; ﬁr C=C,
= (E-81)

+dcigt GGG,
F==F'==(l+4(§-},) 4 (E-82)
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The boundary conditions are:

5 t{z G=!
[,=0 ‘E =a+b G,

where:

.S_I_ I-q, + (dﬁlﬂo)t"“'(‘oﬂﬂ'}ﬁ I (HQF:)
a=

. ah Bt an +iay 480K, .
z'(a%ﬁ‘h"%@'ﬁm ,,a.)) hyA+iby AN, ]lH oh)

H;ﬁ +ily %

Vot i A Y, + (snyprila)8)) Tank (o prilay g8,
Integrate Bq. (E-80) twice to get:

E .
Gg{ (-1 )(EG+F)AT. + a, + (b}, +1) G,

write Eq. (E-87) in finite difference form:
Goyy = Gnt (a1 [EH+H,# - - - +H,] +o](ashC)
where H=EG+F . Setting:
G’-’f‘*‘jf,+i(u‘+ju,)+[v‘-rjv,ﬂ‘(w‘-rjw‘)] G,

constant ( Go'-'G‘ ).
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(E-83)
(E-84)
G=G,

(E-85)

=G
G=Go (E-86)

GG,
(E-87)

Subdivide the length of integration into m increments of length AI’ :‘/m and

(E-88)

(E-89)

eq. (E-88) can be uszed to calculate G.., step by step, keeping G‘ as an unknown
ac 0=, Gm =| from which G, can be computed.
Thereafter, G can be determined at each point by back substitution.




The force acting on the journal is found by integration of the film pressure.

The force has a radial component F; and a tangential component %E;

F. y o —cose LIRS
= B Yy
Fe } e L L P { sino}“’ dz =2R°R L ’,P{ siu}d“’! (E-90)
or, in dimensionless form, making use of Eqs. (E-16), (E-4) and (E-15):
- Fr &), 3¢ .
el Poe B+ - pits e Bl veperd fue "
(=P " 26 |+, wse o] I EID)
tRLD ’
The following integrals can be derived:
de .o
| I+edse ” (B-92)
I
(ose do _ _ 2T, 3
| 46 s 2 (14+4) (B-9%)
w
Sine dv = 0
MATACT (E-94)
"
S cfody  _ 27
) |+& 050 /7('4»,) (E-95)
5
sine do L
| e T (1) (E-96)
w
(osesine dy  _ 0
| 146 wso (E-97)
%
S de .
) (tewsol o2 (E-58)
g
"o de | _ 2Te,
| (I+6ae) ~ 9° (8-99)
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1%
§ino dv = 0
, (e usw)

w '
cosedy_ _ _2W o
) (Hewe)®  a¥l+4) (0]

* sintods _ 2T
(ke 050 ) f,( I+4)

i

S. Coswsine do

“‘*t.(m)t =0

™ co’o do __ °(
.(Ht.lm)z - 5.'7’7'*'7_) I~m)(142a)

w
S. (oS0 sino dy _
(1+¢,cos0)

1)
{’ wsosin'ade _ _ 2M(l-n)

(hecsol ~ £ m(i+a)

4'7:»/!—:.‘

From Eqs. (E-17) and (E-18):

%= We, {C‘.}Me ~ k,{C,}s.'na

g7 el [ 0C, s~ G ] €57}

Thus, the integrals in Eq. (E-91) can be computed as:

2¢, ir[20-n)(2441) 2 . ir 2 .
",FW Har‘*En‘ r[ 73,;]-.:) r*q(k?} (H”:H J;")] -“;_Qc rm[-"’qﬁ'{l}*“zj ]
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(E~101)

(E-102)

(E-103)

(E-104)

(E-105)

(E-106)

(E-107)

(E-108)

(E-109)




\ . . ' . B e s . L
—— -n . L

i
i
{
|
!
H
— 5 e

-/ . +g'¢‘1%’-z'-;ﬂ.’+h7 Hy*+iJ, ] -e.fe ",f,?[ ~HytH, (], ] (.8-110)
where:
Ih : :
Hor = 2(;,,”; (R~ M) (E-111)
L A2 A
Hey = -Z{ngz) h.(G.} J[ | (e-112)
55
H,,,+jH,J+t'(7.,'*j ) “—;:')I (R~ % )d[ (E-11%)

With substitution from Eqs. (E-53), (E-66) and (E-57) these integrals become:

/ | - Hor+JHoJ ﬂf,?) {f@ 3g{(/*‘i§)"I] f,g [p“ %]ﬁ—"‘%“—k’ (E-114) J
| i |

H,r*IH,,+i(J;,*]J;,)= ﬁg—W{EW +;%[(I+7§)“-II-§ —ﬁ?ﬂ' (E-115)

[5,5_ [14q; ]'(‘anh(dﬂﬁﬂ(dm JE ] &y }
foc [4,#1»42)5‘ d+)f+ila,+)8,) wﬂﬂf{f,)

where Poc is given by:

Pe=VI+gi, : | (E-116)

The two integrale on the right hand side are evaluated by numerical integration

from the previously determined values of C, and G.
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When the static load on the bearing is W, the total force components acting on the
journal in the radial and tangential directions are:

"

Radial direction (opposite g,): F:Fr-Was@
' »

Tangential direction (opposite to (,ﬁ ):Ft“‘Ft ""Wﬁn(f

(E-117)

with ¢ given by Eq. (E-15), these components can be written in dimensionless fcrm

Sat:

Then:

(:, "‘-P:‘L:./—D. (os?-: . YLD ((os% ¢e .{m%)
£ ==, +i,‘—-% sin@ == +m (sing, +QeTasy,)

€,

‘.-.=7,'77.;', Hor
f0= '-047 HOJ

£=4 PLD cos§ = (K., MIB,,)E:“'-P(‘("*(’BH){??‘T
£ b+ m sinf= (K"_-u'l Be ) eeit+ (K, +i) B)e.g, e

]
0
L]

P‘LD (05% =

> .7 o 2l-a)ta+n) .
Z, =Kptiy b= —,,,(,—’74,’,3—“»*‘,,7,—:,, (H +iJ,)
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(E-118)

(E-119)

(E~120)

(E-121)

(E-122)

(E-123)

(E-124)

(E-125)

(E~126)

(E-127)




’ - .Q o bl 2 ’
e T Zrt * K, -O“‘ B¢ = 12") H‘l ”’"M’, (H +(J (E-128)
- _ 20(1-a) .
: -~ = 1)
Lo =Kyt iy Bee = q(l ) ==L Hyy + ,,,,., (H,tiJ) (E-130)

— e ‘Here,, krr ) Brr ,K Brtetc are the dimensionless spring and damping coefficients:
"; ar Cker
® ALD

g’ - a‘; - CL)Brr
oo T PalD

> _ 0 _ CHe
Kee "£909 ~ RLD

- B Jfr’ - Can

L Bre =733 = LD
and analogously for the four remaining coefficients. If it is desired, the co-
efficients can readily be expressed in an x-y-coordinate system with the x-axis
in the direction of the static load W as in the preceeding appendices. This is
done by making use of Eqa. (A-70) %o (A-77), Appendix I where SW is replaced by
PaLD, fr by f: and (-ft) by. f':.

(E-131)

For the purely hydrostatic bearing, /l.=0 but such m:? J{’é vhere & is the
squeeze number (see Eq. (E-10 ) ). 1In that case H.,’H,Iijfo and p,"'[!'-ﬁﬁO
which considerably simplifies the calculations. Furthermore, for the hydrostatic
bearing, the static load increases almost proportional with displacement and,
therefore, "7 should be set equal to 1 in the above equations. In total,

then, for a hydrostatic bearing:

Purely Hydrostatic Bearing

: PLD " fre o Fer (E-132)




Rt iy B = Recriy e = B+, e

Kt ] Bee = Kot () B =0

Thus, for a purely hydrostatic bearing there is only one spring coefficient
and one damping coefficient which shall be denoted as K.' &nd B, « It is
convenient to express these coefficients and the load carrying capacity in the -

dimensionless form: . s

W | W

(P-2)LD  V~I R.LD | (B-134) .

CKQ ‘__,_E
4

GRID - VT | (@159

8.
N | a6

M L(E) . M

q
Q
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P
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APPENDIX VI: TEE STABILITY OF THE HYBRID-HYDRO EA |
! LE LUB _ o

The analysis of the stability of the hybrid-hydrostatic ring bearing is almoat
identical to the analysis of the hydrodynamic-hydrostatic ring bearing given in
Appendix IN. Therefore, the present appendix will onlv describe the differences

between the two analyses and otherwise refer to Appendix IV.

The equations of motion are given by Eqs. (D-1) where I(gy’ij J K:, and so

on are the dynamic coefficients of the inner film, and K. and Bo are the co-
efficients of the outer film. They are determined from the analysis in Appendix V
(note: instead of K"/ B""/ k,,,, etc can be used k",B"l krt , etc. or the
latter set of coefficients can be transformed to the firs: set of coefFicients

as discussed in Appendix V). Eq. (D-1) is made dimensionless by setting:

g - (K _(C\/(D) /B _ ) GK ’

K =205 = ()3 (E-) (B-R)LD, 1)
7 _ CB. _/Cy/D.\ 4 _B
48 = P‘T.o i (c—) (5‘) 24 ,,.L(”g:)’ (#-2)
- M

M= g:f_b (#-3)
> - Koexe

e P.LD (r-4)
a5 - CQB:X

B P.LD (F-5)

and similarly for Kx"qu ,Ka", Bx.“ B.,. and E”, + The symbols are defined
in Appendix IVand Appendix E.

The stability analysis is performed for fixed values of the compressibility
number .A. and the static eccentricity ratio €, (i.e. for a constant static
load W and a given speed W ). Hence, the dynamic coefficients are only

functions of the frequency ratio ,‘5 . Then the analysis given in
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Appendix W can be used directly as long as it is remembered, that whereas the
dynamic coefficients in Appendix D are independent of x because the lubricant is

in compressible, they now depend implicitly on x. The equations, however, are
the same in the two cases. '
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. APPENDIX yI1: Computer Program - The Static and Dynamic Performance of a Lobea
Bearing with Turbulent Film

This appendix describes the computer program PN0375: "The Static and Dynamic p
Performance of a Lobed Beariug with Turbulent Film" and gives the detailed in-
structions for using the progrem. The program is based on the anzlyses contained
in Appendices I and II. It calculates the Sommerfeld number, the flow, the '
coefficient of friction, the 8 dynamic bearing coefficients and the critical
journal mass, for a journal bearing with up to 12 lobes whose lubricani film
may be turbulent. Film rupture is included.

COMPUTER _INPUT

An input data form is given in back of this appendix for quick reference when ; .
preparing the computer input. In the following, the more detailed instructions L

are given,

. Card 1 SISZ

This card contains one value: oy

NRET which gives the number of film Reynolds numbers in tt. table of turbulent
f low coefficients (1 & NRET € 250)

Table of Turbulent Flow Coefficieats (4El15.7)

In a bearing film with fully developed turbuleace where the Couette flow i3 the
dominating flow component, the effect of turbulence on the lubrication action
can be accounted for by means of two coefficients, G, and Gg. These coefficlents

modify the Poiseuille flow (the pressure induced flow) and they are functions of
the film Reynolds number Rh:

R,=3R7j=’ﬁ=h Re
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where h is the local £ilm thickness, normaliged with respect to the radial
clearance C, and le is the Reynolds number for the bearing. G, and G, are given
in reference ) and can also be found in the table in the input data for the sample
calculation later in this appendix., It should be noted, that the values used for
G! and Gz in the present program are twalve times the values found in reference

1. 2y doing this, G, and G; are equal to 1 when Rh=0 (ie. for laminar flow).

For use in the calculation of the dynamic performance of the bearing it is
necessary to specify the first three derivatives of G,, with respect to R . Also,
the first derivative of 76,13 required. Finally, to determine the ftiction
loss of the bearing, the coefficient of friction, Cf must be given. In the
tatle, (.7f is specified by giving the product fR,,C; which is equal to 1 for
R,"-'O. In total, then, there are 7 quantities for each film Reynolds numbecr.

They are given on two cards:

First Card (4E15.7)

1. R.,' g-;'iﬁ“’ke, the films Reynolds number. The first value in the tahle
should preferably be 0. In any case, the table must span over the range:
("C,) Reé R, < (l*t’,)?e where R, is the input value of the bearing Raynoids

number (see later input list) and !P is the maximum eccentricity ratio for
any lobe in the particular calculation. Since the largest possible value of

Ep is 1, it is safest to let the range of R be: 0¢R, < 2R, .

To use the table, the program employs linear interpretation. The local
dimensionless film thickness h is computed from which the film Reynolds number
is determined as Rh'hR where R is given in the input. Then the table is
scanned, starting with the first table value of R, until (? )r.m 2()?) Calenlated *
Assume this to be at the k’th table value (ie. (R,,)Ta“‘ = (R,,),, ).

The proper value c¢f Gy is then computed as:

(Ra.)g -(Rh)(‘h (G ) (Rh)c.la h)lm

Rd= (R, %" (R, = (R, (6,

Gy =
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and similarly for the remaining 6 quantities., 1f (Rn.)u“,_ is greater than
the last value in the table, the program sets (Rg.)mw. = (Rh)(“g value «+ Tf
(Rg,)m“‘. is smaller than the first value in the table, the progrem will be

in error.
2. #R“ C; , the dimensionless friction factor. For Rh=-0 (laminar flow)lék,'c‘ﬁ.

3. Gy, the dimensionless Poiseuille flow coefficient for the circumferential

dircction, For Rh-:O (laminar flow), Gy=l.

d
4, é’. dimensionless. This is the first derivative of Gy divided by
G, For Rh=0 (laminar flow), G 3%‘0 .

Second_ Card(4E15.7)

1 4%

1. & 2 , dimensionless. This 13 the second derivative of Gy divided
w dR, G x
by G?. For Rhao (laminar flow),c" Ry =0

L d
2, G"" dR,, , dimensionless. This 1s the third derivative of G divided

by Gyg. For R =0 (laminar flow), G %Fj =0 .

G
3. ‘E: , dimensionless. This is the ratio between the Poiseuille flow co-
efficient, Gy, for flow in the axial direction, and Cy. For Rh==0 (laminar

flow), g: =/
&

&
4. J%“ ( G') , dimensionless. This is the first derivative of G, For
='0 (laminar flow), dﬂ (G,) 0 .

In total the table contains NRET entry values of xh arranged in sequence,
starting with the smallest value. Thus, the table consists of 2 NRET cards.

There can be a maximum of 250 entry values,
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Card 572!{\

This card is used as a title card, identifying the calculation, Aay Jdescriptive

text can be given in columns 2 to 72, If a 1 is punched in Column 1, ke sutout

listing will start on a new page for each case.

Control Card (1275)

This card controls the ianput and the output, It has 12 values:

1.

2.

M,

N.

This {s the number of finite difference increments in thte circumferential

direction per lobe, see Fig. 55, Appendix U. When tte lobke 2rc is

(6.,,, -9;,.), degrees, the circumferential increment is:

«%nt‘eﬂ-)
M

It 1is suggested to let A® be 10 to 15 degrees, depending on tte

eccentricity ratio (the larger the eccentricity ratio, the :zmaller

should 49 be). The largest allowable value of M is 36. Also, M must

AO = Jc,rcgs

be larger than or equal to 3,

This 18 the number of finite difference iacrements in the axial
direction on half of the bearing length (see Fig. =53, Appendix I,
1f the increment is AZ and the bearing lenzth is L, then:

Ly
0z -

In dimensionless form as used by the program:

L
Al=% az= —,é‘-’-
N should be chosen such that Al’ is approximately the same as 48 when
A9 is measured in radians. However, since there are pressure gradients
in the circumferential direction which are ccnsiderably larger thaa the
axial pressure gradients, A[ can be made somewhat larger than A@ .
Furthermore, it is of great importance to keep N as small as Possible

since the calculation time 1s roughly propoertional to NZ or NJ.
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3. NLD

4s  HRE

S

Usual velues for N are 5 to 7, depending, of course, on the L/D- ratio.
The allowable range of N 1s: 3&N %13 |

Specifies the number of L/D-values in the designated input list (L/D
is the length-tO-diameter ratio of the bearing). The allowable range

1s: 14NLD%4 20,

Specifies the number of bearing Reynolds numbers R in the designated
input list, The allowable range isz: 1€NRE <730,

NPAD Specifies the number of bearing lobes. The allowable range is:

|$NPAD £ |2

6., NECA Specifies the number of EO tos% values in the designated finput list.

7.

(€, is the bearing eccentricity ratio, is the bearing attitude angle)
B (]
The allowable range is: [$NECA420 .

Specifies the maximum allowable number of calculations to be performed
in determining that bearing attitude angle for which the horizontal
force F, is zero, A detailed discussion 1a given later in connection
with the input 1list for &, (05?3 and & Sl'h¢8 . NAB should be greater
than NAT (the number of 68 Sﬂ1q%-values in designated input list).

The program provides for the case of film rupture where no sub-
ambient film pressures are permitted. In the regions where the pressure
otherwise would have bee.a less than ambient, the film contracts such
that the pressure in the contracted film becomes ambient. The boundary
separating the full film and the contracted portion is determined by
iterations as discussed later in connection with the convergence limit
for the rupture calculation. NRP specifies the maximum allowable number

of such iterations to be performed., A usual value for NRP is 5 to 7.

If it is not desired to include the effect of rupture, set NRP=-1,
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9. NPW

In most cases, only the final results of the calculatfons for the
composite bearing are of interest, Then NPW is set equal to zero. On .
occisions, however, it may be désired to get the results for each bearing
lobe before they are combined into the composite bearing. 1In that case,
set NPW=l ocr NPW = -1, If NPW = -], the results will include the pressure

distribution. If NPW = 1, the pressure distribution will be omitted

from the output.

10. NRW Under certain conditions the calculations of the boundary betweea the

complete film and the contracted film does aot readily converge. In that
case it may be desired to explore the matter in more detail. If NRW =1,
the output lists the 'error" (the relative difference between two succes-
sive calculations) for each rupture iferation of each lobe. If NRW = -1,
the output gives, in addition te the "error", the coordinates of the
rupture boundary for each interation, If NRW = -2, the output gives,

in addition to the output for NRW = -1, the finite difference co-
efficients d;m ,d;H and /JJ (see Fig. 56, Appendix I) for each

iteraticn..

When the calculations experience difficuliies, the "error' does not
converge smoothly. It will normally be found that the reason is that

the rupture boundary intersects a j-gridline (see Fig. 55, AppendixI).
Thus, the trouble can frequently be elimipated by changing the gridline

spacing (ie. change M, item 1, control card).

Only under unusual circumstances is it of interest to explore the rupture
boundary calculations., By setting NRW = 0, the output will not include
any results of these calculations. Hence, the normal value of NRW is

Zero,

11. NPUN As discussed in connection with Item 7, the program may perform

several calculations in order to determine the attitude angle for which
the horizontal force is zero. If it is desired to get the results from
each calculation, set NPUN = -1 or NPUN » -2, 1In the latter case, the
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results for the composite bearing are punched on carde after each

attitude angle calculation but only L{f there 1s no more than 1 lobe. No
punched card output is given if NPUN = -1, If it is desired to get

the final results only after the correct attitude angle has been deter-
mined, set NPUN =0 or NPUN =1, 1In the latter case, the output is alsc
punched on cards for bearings with 1 lobe only., This is omitted when
NPUN = 0,

Thus, the usual value of NPUN is zero (or 1, if punched card output is

also desired).

12, INP When INP = 0, a new set of input data follows the present set of data,
The new set of data starts with the text card (Card (72H)), The table of
turbulent flow coefficients should not be repeated and can only be given
with the first set of f{nput, If INP = 1, the present set of data is

the last or oaly set.

Card (1P5E14.6

This card contains two values:

1, CVIA This is the convergence limit for the bearing attitude angle q% .
After each complete bearing calculation, the total horizontal force
Fyo and the total vertical force Em are conputed by a summation over
all bearing lcbes, see egqs. (B-8) and (B-9), Appendix ~I- The correct
attitude angle is the one for which Fy,=0. This condition is accepted

to be satisfied by the program when:

R
[22] £ cvia
%0
or when t.:. total number of attitude angle calculations exceeds NAB

(Item 7, control card).

The attitude angle 1is 45. If the deviation between the attitude angle
for which F,,=0, and the calculated attitude angle is called Aq), ,

then:




- LR |
&
. f.u) .
A?agtah (F“
When ";. is small this is equivalent to: '
Fre
Af S 2
%=,
Hence, the given convergence criteria corresponds to requiring:
|A%,,r¢dians < CVLA
or
; 'A%l ,degrees < 5§7.3 - CVLA ‘
If it is desired to obtain the attitude angle within 0.01 degrees., then
-4 -4
vet CVLAZ 174107, A typical value for cvia 1s 107",
2, CVLR This is the convergence limit for the calculatinn of the rupture
boundary for each bearing lobe. The program calculates the angular
coordinates of the boundary for each { gridiine (see fig. 55,
Appendix I)let these coordinates be ©; ,i%1,2,-==n | After the k ‘th
rupture iteration,, the program tests the convergence of the calculaciuns .
by: .
(k1) :
'e -0, l .
i < CVLR

Z '9;“-“’

1 When this condition is satisfied or when the total numbei of {iterations:
is equal to NRP (Item 8, control card), i.e. when k='4Rﬁ the program

agssumes that the calculations have converged. A typical value for CVLR

is 10".
When NRP = -1, set CVLR = 100,
1ist of Bearing length-to-Diameter Ratios (1PS5El4.6
This list gives the input values of the length-to-diameter ratio, L/D, where L

is the bearing length and D is the journal diameter., 1In total there are NLD

values (Item 3, control card), maximum 20,
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List of Bearing Revnolds Numbers (1P5E14.6’

This list gives the input values for tlie bearing Reynolds number:

R,= $ReC
wheregs mass density of lubricant, l&s-&c‘/iuch‘l /u. = viscosity of lubricant,
“s-“c/o“ndv‘, W = angular speed of journal, radians/sec, R = journal radiaus,
inch, and C = radial clearance of lobes, inch. When Re = 0, the film is
laminar. 1In total, there are NRE values of Re (item 4, control card), maximum

30.

Data for Journal Center Position
-

Referring to fig. 58 , Appendix Il,the coordinates of the journal center with
respect to the bearing center can be expressed by means of the eccentricity ratio
&y and the attitude angle % . Eyis the ratio between the journal center
cccentricity, € , and the mechined radial clearance, C, of the lobes:

Esr_el

The attitude angle, % , 12 the angle between the static load line (the x-axis)
and the line connecting the bearing center and the journal center, measured in
The corresponding coordinates in the x-y-

and ‘a 5;‘1¢8 .

the direction of journal rotation.,
coordinate system are: &g C0s@y

A given bearing calculation 18 performed for a fixed value of £g (0$¢p .
With this value fixed, &g Sin% is varied over a range in specified increments
to determine when the horizontal force F,. becomes zero. For each value of

€y Sinfpy F,. . When f';.
changes sign, F;. is calculated at the midpoint of the last &g Sin Q, -interval

, the program calculates the static horizontal force

and quadratic interpolation is employed to obtain the first ''guess' of the
value of &y Sin% for which F;. should be zero. If the corresponding value of

F'-’. is not sufficiently small, as tested by means of the convergence criteria
explained above, the latest obtained value of ";, is used together with the two
closest previously obtained values to calculate a new value of & SO'nf. by

quadratic interpolation. This procedure is repeated until either the con-

vergence criteria is satisfied or the total number of calculations exceeds the
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allowable limit NAB (Item 7, control card).

In total, there are NECA values of E, (os% (Item 6, control card), maximum 20,
The card specifying E' (05% , contains two items:

Card (1PE14.6, I5)

1. c.cos ?, . It can have any value as long as the corresponding eccentricity
ratios, &, , fcr any of the bearing lobes do not equal or exceed 1, see
eg. (B-5), Appendix II.

2. NAT If NAT® 1, the program determines the attitude angle for which the
uorizuntal force is zero. Then NAT gives the oumber of values of € s.'n(&
in the following input list. Item 7, control card: NAB should be greater
than NAT to allow for several interpolations in determining % (suggested

value: NAB = NAT + 3).

1f NAT £ -1, no interpolation is performed to determine when the horizontal
force i3 zero. ‘lhe program calculates the bearing for each specified value
of Ce Sl'n¢5 and gives the results of each calculation (set NPUN = -1 oz
-2, item 11, control card). The absolute value of NAT, lNATf , specifies
the nuuber of values of Sy3inQpy in the following input list. Item 7,
control card: NAB should be set eq ~o INATI .

Note: NAT canno: be zero. The maximum value of NAT (or ’NAT, ) is 25,
This card is followed by:

List of & 55n% Values (1PS5E14.6)

This list gives the input values of E.‘i"ﬂ% for the above specified €y0sfy

value. In total there are NAT values, maximum 25. &4 Sin?, may have any
value as long as the eccentricity ratio, & , of any bearing lobe does not equal

or exceed 1, see eq. (B~5), Appendix 1I.
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If it {8 desired to calculate the bearing with a concent:i. journal, set
f‘(os?a=0 and give only one value of &gSin lf, , namely & Sin¢. =0 .
Furthermore, set NAT = 1 and NAB = 0.

In the case where E,los%-o and the joirnai i{s not concentric in the bearing,
no value of &g Sin ¢, should be zero.

If it 13 desired to calculate the attitude angle for which the horizontal force is
zero (i.e. NAT is positive), the E"Sin% values should be listed in sequence,
starting with the lowest value (it may be zero when 8'(05(}’,‘#0: ). The range
of & Sin?, should be large enough that it includes the point where ”;,"'0.

Otherwise, the program cannot obtain a solution.

The preceeding input, namely the card with 5.(05% and the list of EBSI'*\?B
values, must be repeated together NECA times (Item 6, control card).

Bearing Geometry Data (1P5El4.6

The bearing is made up of NPAD lobes (Item 5, control card). The geometry of
the lobe 1is specified by giving the angles from the static load line (the X-axis)
to the leading edge and the trailing edge of the lobe, and by giving the coe
ordinates of the center of curvature of the lobe relative to the bearing center
and the static lcad line, see figure 56, Appendix LI.The input consists of

NPAD cards, maximum 12, and on each card are four values:

1. ©,in , degrees. This is the angle from the load line (the negative X-
axis) to the leading edge of the lobe, measured in the direction of journal
rotation (see fig. 58,Appendix II). The value for ©,;, should be such
that: 0% Opin < 360 . ©,in must be smaller than Opeut -

2. 9"“7 , degrees. This is the angle from the load line (the negative x-axis)

to the trailing edge of the lobe, measured in the direction of journal
rotation (see Fig. 58 , Appendix II). The value for ©peut should lie {n
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range: op,h < ef,ut £ 3‘0 +9";~ (et.ut >0),

3. 5, . This is the preload of the lobe:
r
&= 2"
where Fp is the distance betweer. the bearing center and the center of curvature
of the lobe. C is the machined radial clearance of tke lobe (i.e. the differenc
between the lobe radius of curvature and ths journal radius. C is the same for
all lobes). For a cylindrical bearing, J, =0 . For the elliptical bearing or
a three-lobe bearing, JP is the same for all lobes and equal to the preload of

the beering in which case J" ).

4, v' degrees. This is the angle from the static load line (the positive x-axis)
to the line connecting the bearing center and the center of curvature of .ne
lobe, measured in the direction of journal rotation (see Fig. 58 , Appendix II).
For a cylindrical bearing, set 'W, . In the elliptical bearing or the three
lobe bearing, set 1}" 2(8,‘.“ ""9"...) .

COMPUTER OUTPUT

The output first repeats the input data for checking purposes (the table of
turbulent flow ccefficieants is not included). Then follow the results of the cal-
culations. Because of the several output format options, a complete sequential
description of the outprut will not be given. Instead, the output for the normal
type of calculation will be described where only the final recults for the com-
posite bearing are given. The final results are in five lines where the items are
identified by the titles:

L/D is the specified length - to-diameter ratio of the bearing.

REYN.NO. is the specified bearing Reynolds number Re'

ECC*COS (ATT) 1is the specified fixed value of €gCos(Py .

ECC*SIN(ATT) is the final value of &pSinQPp .
ECC.RATIO is the bearing eccentricity ratio &y= V(G.(os%)z'*(f. Sm%)

ATT, ANGIFE is the bearing attitude angle % = tan (EQSm%/S.(os% , degrees,

} W
1/S is the inverse Sommerfeld number for the bearing : g = 3 2
KNDL @)
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F-Y/S*W 18 the residual dimensionlessélor zontal force: Fy, R /,uNDL (5) ;8 (8-9)
1/S*(R/CF/W)is the friction factor: € Sy MNDL(E) , €8 (8-10)
(Q-Z/NDLC)SIDE is the dimensionless flow out of both bearing sides~0;/NDL( see ag.
(Q/NDLC)TOTAL is the total dimensionless flow consumption of the buaring.@/NDLC

For a lobed bearing with NPAD lobes, the total flow is:
””[(Q ) + { (0(0‘)&*“.1.(1” (Q leul edye )u.., pesitive }1

(Whew abeve ,u«M, s n¢1ai. ve
(see remarks following eq. (5-13), Appendix 1I)

When NPAD = 1: Q= 0,+(0,,)*m.,_ cdye
(Q-X/NDLC)CIRC is the dimensioanless total flow into the bearing lobes from the

8!‘00 ves: NPAD
E 0' )
" NDLC P)“‘Jo ‘J’(

-— 2
F-X/S*W is the dimensionless vertical bearing reaction: E”/IuNDL (E) , €4. (B-
8). When F’,,=0, this is equal to ’/S‘su ¢,.{B‘l"
CMN/MUDL(R/C)2 is the dimensionless critical journal mass at the threshold of
instability: ,n.DL(-!? s calculated from eqe. (B-26) and (B-27).
FREQ/W is the frequency ratlio: y 2 , at the threshold of instability,
(FREQ/W)**2 is the square of the instability frequency ratioa: ," (2) »
calculated from eqs. (B-27). When r is negative, there is no instability
threshold.
CKXX/SW is the dimens‘onless bearing spring coefficient for the x-direction:
W ﬁNDL( )z see eq (B-12)
CKXY/SW is the dimensionlesskbearing cross-coupling spring conefficient for the
- X'
x-direction: SW ,uNDL(Q)'
CKiX/SW is the dimensionless bearing cross -coupling spring coefficient for the

ian. Sl . __CKye
y-direction: SW -/ANDL(Ef

CKYY(QW is the dimensionless bearing spring coefficient for the y-direction:
,uNDE(Ef
CWBXX SH is the dimensionless btearing damping for the x-direction:

g”w :PN(‘D’LB;g)z ,see eq. (B-13).
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CWBXY/SW is the dimensionless bearing cross-coupling damping for the x-direction:

) k]
SW pwnbL (B
CWBXY/SW is the dimensionless bearing cross-coupling damping for the y-direction:
Wiy
* MNDL(Y)
CWBYY/SW is the diméanaionleu bearing damping for the y-direction:
(M
2

Sw JARDL( 2
SOMMERFELD NO is the Sommerfeld number: S = )&%(%)

E-X/M is a second form of the dimensionless vertical bearing reaction: ‘E"/W
(21 when F',.*O)
F-Y/W is a second form of the dimensionless residual horizontal force: F"/W
(R/C)*(F/W) is the most usual form of the friction factor:é% , see eq. (B-17)
. -
OMW**2 /W is a second form of the dimensionless critical journal mass: Ce‘"
see eq. (B-28) '
CKXX/W is a second f?‘rm of the dimensionless bearing spring coefficient in the
x-direction: W see eq. (B-18)
c 3
CKXY/W = ‘%"
CKYX/W = Cé"
cxryn = o
CWBXX/W 13 a& second form of the dimecsionlesa bearing damping in the x-direction:
3 , see aq, (B-19)

cunxrzgn-sﬁgh’

CWBYX/W = %"'

CWRYY/W = C‘:‘\,l”

The nomenclature is:

Bxx’ Bxy' Byx’ Byy Damping coefficients for the bearing, lbs sec/inch

Cc The machined radial clearance of the lobes, inch

D The journal diameter, inch

ey The eccentricity between the journal center and the
bearing center, inch

Fxo The static bearing reaction 1in the x-direction, lbs.

Fyo The static bearing reaction in the y-direction, lbs.

Pe The friction force, lbs (the friction torque = RFf)
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‘xx’ ny, ny, xyy Spring coefficients for the bearing, lbs/inch

L The bearing length, inch

M The critical mass of the journal at the threshold of
instability, .-

N The rotor speed, rps

Q The total hydrodynamic bearing flow, cub,inch/sec

Qx The hydrodynamic flow ia the circumferential direction,
cub.inch/sec

Qz The hydrodynamic flow out of both bearing sides,
cub.inch/sec

R The journal radius, inch ReC

R, The Reynolds number ior the bearing: R,:-’-;F—
dimensionless .NDL 2

] The Sommerfeld number for the bear1n3:5=/‘W' (%)
dimensionless

w The static bearing load, lbs

3 The instability frequeacy-ratio: r—-ﬁ ,dimensionless

(2 The eccentricity ratio for the bearing, €g® e./C
dimensionless

The lubricant viscosity, lbc.aec/inchz
The frequency at the threshold of instability, radians/

<x

sec
The mass density of the lubricant, Ibs.seczlinch
The attitude angle for the bearing. It is the angle
from the X-axis to the line connecting the bearing
center and the journsl ceater, measured in the direction
of journal rotation, degrees.

w The angular speed of the journal, radians/sec.

4

B

When it is desired to obtain the data for the individual lobes in addition to
the composite bearing results, NPW#0 in the ioput (ILtem 9, control card).
Then there will be output for each lobe for each attitude angle iteration., ERach
set of output is identified by the title: BEARING PAD NO., followed by the
number of the particular lobe (the lobes are numbered consecutively in the
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sequence as given in the input). The results are ideatified by titles:
[ R z
SOMMERFELD NO _is the Sommerfeld number for the Iobe,S'= %D-l:(‘c-)
BCC, RATIO is the lobe eccentricity ratio & . see eq. (B-5)
ATT, ANGIE is the lobe attitude angle (P, , see eq. (B-6), degrees.
CALC, ATT. ANG is the angle: ‘fn"( F"’/ﬁ-o) , see Appendix I, eqs (A-64), (A-78)
and (A-79)
F-R/S*W 4is the dimensionless radial static force component for the lobe: F, SW,

F-T/S*W is the dimensionless tangential static force component for the lobe:f”'srw'

RE, R _F
1/S*(R/C*F/W) is the dimensionless friction factor for the lobe: & c 5""'5; ,‘Wg’l
<

Q v
(Q-X/NDLC)IN is the dimensionless flow into the lobe across the leading eclge:(M—D',i"c")m‘Y
£}
[ Q
(Q-X/NDLC)OUT is the dimensionless flow out of the lobe across the trailing edge: NDLCZ
(]

(Q-Z /NDLC)SIDE is the dimensionless flow out of the lobe across both sides of the
lobe: HaE
F-X/S*W is the dimensioaless x-component of the static force on the lobe:
- T'!V" , see eq (A-78)
F-Y/S*W 13 the dimensionless y-component of the static force on the lobe:

"‘"h see eq. (A-79) By,
DFR/SDE is the dimensionless radial stiffness: d—Er , see eqs. (A-59) and (A-60)
DFT/SIR is the dimensionless tangential cross-coupling stiffness: Py, , see
eq. (A-60)

DFR/SDA 1is the dimensionless radial cross-coupling stiffness: f%’% , See eqs.
(A-59) and A-61)
DFT/SDA is the dimensionless tangential stiffnes:‘; ;.ad-% ,» see eq. (A-61)
DFR/SDEDT is the dimensionless radial damping: 37 , see eqs. (A-59) and (A-62)
FT/SDEDT is the dimensionless radial damping.'g?‘ , see eqs. {A-62)

DFR[SDAM‘ is the dimensionless radial cross-coupling damping:

(A-59 and (A-63)

. see eqs.

96
&9
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FT/SDADT is the dimensionless tangential damping: z“% , see eq, (A-63)
[ W is the dimensionless stiffness, x-direction: [ see aq. (A-70)

-5'%!- , eq. (A-71)
__L }‘5‘; , eq. (A-72)
__.L_ > eqd. (A-73)

?“" , eq. (A-74)

‘cf%"‘ >, eq. (A-75)

‘r‘k’ , eq. (A<76)
CWBYY/S --“-’9} , eq. (A-77)

@DL(R[C] is the dimensionless critical journal msss for the lobe: "ﬁzq,t
CMWH*2 /W 1is another form of the dimensionless critical journal mass: CMyY/wp

FREQ/W is the instability frequency ratio for the lobe: r'.y'/a
(FREQ/W)**2 is the square of the instability frequeacy ratio for the lobe:y:‘,
1f ‘:.' is negative, there is no instability threshold for the lobe.

In addition to these data, the output for a lobe also includes the results from
the last rupture boundary calculation. First is a line giving the number of
iterations and the final error (the left hand side of the equation given in the
discussion of the input data for CVLR). This is followed by & 5 column list,
giving the coordinates of the rupture boundary. The five columns are identified
by titles:

1 is the i-index for the gridline (see fig. 3., Appendix D).

BEGIN, INDEX gives the j-coordinate (see fig. 55.) of the rupture boundary at
the leading edge. If jwl, leading edge rupture does not occur.

END INDEX gives the j-coordinate (see fig. 55) of the rupture boundary at the
trailing edge. If j = M +1 (item 1, coatrol card in input), trailing edge

rupture does not occur.

BEGIN, ANGIE gives the angular coordinate in degrees of the rupture boundary at
the leading edge. The angle is measured from the line connecting the bearing

center and the journal center.
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END ANGLE gives the angular coordinate in degrees of the rupture boundary at the
trailing edge. The angle is measured in the same way as for the leading edge angle.
When NRW € -1 (item 10, control card in input), the abova data are repeated for each
rupture calculation.

When NPW = -1, the output includes the pressure distribution for each lobe. It
{2 ideatified in the mrtput: by the t{tle' PRESSURE DISTRIBUTION, The dimension-
less pressure P= F//m(f) ﬂ,?‘ W/LD (see eq. (A-7)), where P is the actual
pressure in psi, is listed starting at the leading edge of the lobe (lie. at § =0
in figure 55.). The first value {n each line is at { = 1 and the last value is
at the centerline (i = N), see fig, -S55..

Whea NPUN - 1 or -2 (item 11, control card in input), punched card output will be
given. The first card is given at the start of a calculation for a new value of
the L/D-ratio or new value of the Reynolds number (it is only given if NPAD = 1).
The card contains four values:

Card (4E13.5) .

1. L/D
2, The lobe arc, degrees ( Op,0ut = 6p,in )
3. The relative angular location of the center of pressure ( (m’-e,‘,;.)/(o,,_,-a'.,-,) )
4, The Reynolds number Re
This cerd is followed by the results of the composite bearing for each value of

€ ros% (and if NPUN = -2, also for each value of & Sin(fa ), there will be two
cards:

Card (5E13.5)

. Eo <o ?g
. '/5 hd w//ﬂNDL (’), the 1nverse SOmmFerfeld number

1

2

3. The friction factor: § Fd gﬁ- mrp o
4. The dimensionless flow across the leading edge: N_Dt-f

5. The bearing eccentricity ratio Eg .
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Card (5E13.5)

1.

3.
4,
3.

The dimensionless radial stiffness for an inertialess tilting pad:

_g_ {K - “ { (Ky,-ﬁwa,)(K,.ﬁwByn) }]
SW Ny e l(, yt ‘-w%,
The dimensionless radial damping for an inertialess tilting pad:
'S'C_-[“’B" ']m{ (Kiy +i (Kyx+icw :)} }
W 7 ticoByy
The dimensionless stiffness for the y-direction: §'\$"
The dimensionless damping for the y-direction:

The attitude angle ¢’ , degrees
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INPUT PORM FOR COMPUTER PROGRAM .

PNO375;: THE STATIC AND DYNAMIC PERFORMANCE OF A
LOBED BEARING WITH TURBULENT FIIM

Card 1 (15

NRET = Number of film Reynolds numbers in tasle for turbulent flow coefficients

Table of Turbulent Flow Coefficients (4E15.7)

For each Reynolds number, give two cards with four values per card.

Pirst Card:

1, &’g?ﬁh/ﬂ, the film Reynolds number (dimensionless)

2, ‘C‘ , the friction factor (dimensionless). For R,.:- ,‘}Qﬂhf-l ‘

3. (l, s thc turbulent flow coefficient for the circumferential direction (dimen- '
sionless). Por R=0, Gy3/

4, é' ﬁ: , the first derivative of Cx divided by C, (dimensionless) For
3
R =0, d8, 0
Second d:
1. é' , the second derivative of Gxdivided by C,, (dimensionless)., For

Rb 0, ﬁ'éf =0
2, é LS' , the third derivative of C,,divided by G, (dimensionless)., For
%,:0, 485 =0
3. ‘2' where Cx is the turbulent flow coefficient for the axial direction
(dimensionless). For R.,—o, S:, |
4, 2‘%..(2:) , the first derivative of g (dimensionless). It is zero for R, =0,

Card (72)) Text

-198-




B T

Control Card (1215)

1.

2,

3.
4,

5.
6.
7.
8.

9.

10.

11.

M= Number of finite difference incremeats in the circumferential
direction per lobe (3€Mé&%36 )
N= Number of finite difference increments in the axial direction
on half the bearing leagth (3£N€Ii3)
NLD = Number of L/D-ratios in input 11st (| & NLD& 20)
NRE = Number of bearing Reynolds numbers, R} , 1n input list
(16 NRE € 30)
NPAD = Number of lobes (/% NPAD% [2)
NECA = Number of &g 5@ - values in input 1ist (I1$NECA £20)
NAB = Maximum alloweble number of attitude angle iterations.
NRP; If NRP21: Maximum allowable number of iterations to determine rupture
boundry.
If NRP = 0: Film rupture tables place, but there are no iterations.
If NRP = -1: No film rupture, and no iterations.
NPW; 1f NPW = 0: Only the composite bearing results are given, not the

results for the individual lobes.

If NPW = 1: The results for the individual pads and the composite )
bearing are given, but not the pressure distribution.

If NPW = -1: Same as for NPW =1, but with pressure distribution.

NRW; If NRW = 0: No results are given from the rupture boundary iteraticn,

If NBW = 1:
is given.

If NRW = -1: Same as for NRW =1, but ocutput also includes the coordin-

The convergence error for each rupture boundary iteration

ates of the rupture boundary for each iteration.
If NRW = -2: Diagnostic for rupture boundery calculation.
NPUN; If NPUN = 0: The composite bearing results are only given after
the final attitude angle calculation, no cards are punched.
If NPUN = 1: Same as NPUN = 0, but the results are also punched on
cards,
If NPUN = -1: The composite bearing results are given after each

attitude angle calculation, no cards are punched.
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If NPUN = -2: Same as NPUN = -1, but the results are also puached on
cards. .
12, INP; 1f INP = 0: More input data follows the present set of data, starting
with the text card.
If INP » 1: This is the last set of input data.

Card (1P5E14.6)

' 1. CVLA = Convergence limit for attitude angle calculation.
\ 2. CVIR = Convergence limit for rupture boundary iteration.

List of L/D-Ratios (1PSEl4.6)

Give NLD-values of the length-to-diameter ratio, L/D, 5 values per card.

List of Bearing Reynolds Numbers (1P5E14.6)

Give NRE-values of the bearing Reynolds number, le, 5 values per card. *

Data for Journal Center Position

The following two input items, namely the card with i'(o$¢° and the list of
fg 55”(?0 , must be repeated together NECA times (Item 6, control card).

Card (1PE14.6, 15)

1. Ca (d‘¢'
2. NAT; 1f NAT®1: Number of E,Siﬂ%-values in input list which follows. The

program iterates on the attitude angle to make horizontal
force zero (1L € NAT % 25)

If NAT € -1: The absolute value of NAT gives the number of 5.50"'¢5
values in input list which follows (1€ [NAT| % 25). No attitude
angle iteration takes placa. Set NAB = |NAT| , Item 7,

control card.
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List of €gSinfly Values (1PSE14.6)

Give [NAT| -values of €g5inQg , 5 values per card.

Bearing Geometry Data (1P5E14.6)

Give KPAD cards (Item 5, control card). Each card contains 4 values:
1. ©;, , degrees. The angle from the 1oad line to the leading edge of the lobe

2. O4,t, degrees, The angle from the load line to the trailing edge of the lobe

3'

"r
4. Y

=£’ . The lobe preload (Dpr" ), dimensionless.
. Preload angle, degrees.
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S$SETUP A{6)  DISK, PUNCH

$18008 MAPLALTIO ,NOGOD
SIBFTC MAIPRO DECK.

1?" MECHANICAL TECHNOLOGY INCey Jo LUND, S5=2%5=67 4
PNO3T7S = PARTIAL ARC OR LOBED BRG, TURBULENT s
"""UTIEVSTUR’0137.13.13).6131.13.13);5(37.13).£i31.131.5(37 13), 6
1P{37,13 s ALFAP(37,13),ALFAM{3T,13)4H32037) nTHAL3T),AGL(3T) » 7
AUITTICS(37),SSU3T)4BTIITI KIUIT)USXILS) e JEXIL3)oSXUL3NNEXIL), 8
ITHS(13),THE(L13) _ 9
~ COMADN DoGyByEyFyPy ALFAP,ALFAM, H32, THAyAGL ¢ AGH+CS9SS BT, XTI wJSXb 10
LJEX o SXoEX o THSy THE DXy O2oCSIT4ALPH 11
% AU250VsCFRUZ2500,6XCI250),6X1(250),6X%X2(250) 46X3(250), 12
lbetgggl.GXS(Z50).ALDS(20)'REY\!30).ECAST(20)'NATS(20)»THV(IZ!. 13
T2V,PRLDI12),PRAN(12),ESAS(25),AG2037) LAG3(37),AFL1(37), 14
15
16
17
18
19
20
’1

3‘F2 3TL,AFI(3T )4 AFSIIT) W ARSI IT) 2 AFG(ITI AFRTIIT? JAFB(3T,AFI(2T),
II5¥1NY CULI)oFXPU12)oFYP(12)4Q2T(12),QXL(12},QKT(L2),
55‘!9(12”5XV’|l’)vSY‘P(lZ’QSVYP(lZ)OB!XP(lz"BXYP(IZ)'BYXP(IZ,I
TovUaT, HMRT12), [HM(12)
D!NENSICN ESAST120,25)5A013913)9AK(23,13),GK(13,1)
B0 10 I=1,12
10 IHM(] )=}
READ(5:98) NRET
00 11 l'liNRET 23
HDZTFRUTY GET Y s 6x10 1)
11 IEAD(5’99’ GXZ(I’05‘3(1,05X5(|"bx5(l' ‘
Nl= 6
12 READ(S,100)
+101) My Ny NLDyNRE NP AD ¢ NECA JNAByNRP o NPWo NRW yNPUN, INP
READ(S5,102) CVLA,CVLR

- e 20
WRITE(5,1064) 3
- EE! I E !E.[ﬁ&TH{N.‘NLD. N“E p.Np‘D-"NEC"N‘B'NRP' pr' NR“.NPUN'-[NP 3¢
WRITE(6,106) 33
WRTTE(S,102CVLA,CVLR T 7 | - 14
NRITE(6,107) ‘ 35
vl Ty 1= ,NLD) — T -
uleE(b-lOZ)(ALDS(lD I=1,MLD) 37
B3 1027 TREVRTT (o1 R e .
WRITE(6,108) i o . 39
WRITETS, 102V (REYRIT )y I=1 NREY 7 40
WRITE(6,109) ) 41
T=1,NeCA T ’ 42
READ(5,.03) ECAST(I),NATS(I) o
JI=TABSINATSTIYY — — —— et e 6
READ{5,102) (ESAST(I+d)yd=lyJl) o
WRITE(6, LI0ODECASTUTI )4 NATSTIY ~ 7 ’ ~4
WRITE(6,111) "7
VOESASYU 1,37 J=JiT ~ 8
e _MRITE{6,112) . "9
WRITE(6,113) ]
DO 14 I=1,NPAD S1
TREADUS, 102 THN(I) o THTC(T1),FRLDIT) 4PRAN(T)
14 WRITE(69102)THN( 1)y THTUT)4PRLD(T)PRAN(T) T3
I . 1T S 54
MisMe] <5
M2apM=2 T N %6
NC=Ne1l 57
HM=M ; R 58
NLOL=l s
T2 TALO=ALDSINLOLY T T T T T &0
C2=N 61
DZ=ALD/CZ 62
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21
22

23

26

2%
26

32
4

27
28
29

30

15
16
17
18

35
36

CELX3=]1,0/02/02
DZ2=DELXI+DELX)]
SPD2s81,0471976/C2
SPD320,221816616/C2
SPD4=0,78%539816/C2
SPD%520,)43633231/7ALDeC2/ALD
SPDbe(,17453293,C2
NREl=}

RESIEYNINREL)

NiCls]

ECAsSECAST(NECL)
NAT=NATSI(NEC])

IFINAT) 23,24,24
NABl==NAT

J1=NABL

GO 10 25

NA81=1IAB

J1=mNAT

CC 26 J=1,J1
ESAS(J)=ESASTINECL,J)
ESA=ESAS(L)

NAs=]

NAls)

NA2=}

1PD=]
DX=(THTUIPO)=THN{ IPD) ) /HMR0,017453293
BELY3=1,0/D0X/0X
OX2=DELY3+D:ZLY3
SPD=SPD64DX

IF(NA=1) 30,27,30
IF(NPUN)} 28,30,29
IF{NPUN®L) 29,130,130
ClsTHT(IPD)=THN{ IPD)
C2={18C.d=THN(IPD))/C1
HFITE‘IJQll“’ALDoCl.CZ'RE.NPUNl
NPUNL=NPUNL+1
Cl=Ne017453293¢PRAN(IPD)
C2=SINI(CY)

Cl=COSICYl)
Cl=ECA=CL*PRLD{IPD)
CP2=ESA«C2#PRLO(IPC)
ECC=SQRTICL1*Cle¢C2%C2)
IF{1le U~ECC) 15,13,18
WRITZU6,140)1PO
IF{NA=NABL) 16417417
NA=NA+]

GO TO 443

WRITS(6,134)

GO TO «85
ATPaTANV(C1,C2)
ClsATP+180490

KRB=]1

KRE=1

K8E=1

C2=THNLIPD)

C3=C2+36060

C4=THT(1PD)

C5=2C4=3560,0

1F{C1-3604,0) 37138436
Cl2C1~36040 N
GO TO 35 =
IF(ATP~C4) 39,38,38

63 :
64

i

6
67

68
&9
70
14
72
73
74

78
7
78
.19
80
ol
82
a3
84
83
86
87
(1]
89
90
91
92
93
9
95
96

90

99
100
101
102
103
104
108
106
107
108
109
110
111
112
113
114
115

. 116

117
118
119
120
121
122
123




38 IF(CLl=CH) 2*,63,43
39 IF(ATP=Cl) 40,40,44
40 TF(ATP=CY ) 4h,4],4]
4l IF(C2=Cli 4%,42,42
42 TFICLl=C8) 45,933,443
43 KREe=]
GO TO 49
44 RM3=)
KBEe) )
" 'F(Cl"CQ’ ‘6.‘9949
46 IF(CLl=C2) 47,47,48
47 IF(C1=C5) 48,49,49
48 XRE=) )
KBE=D
49 013=0,0
CS1I=C2-ATP
ALPHaC4=C2 .
C320,017453293%CS11
00 60 J=i,M8
ClsCOSI(C3)
~ C2=SINIC3)
CStJis=Cl
$StJi¥=C2
THATJ)=C3
_ . CasecceCl
CS=ECC*C2.
. Coé=l.0¢Cs
CT1aC5sCS
C8sSQRT(CH)
CI=Céecs
_ ___IFLRE) 50¢50,51
50 D1s1.0
_D2slc0
032060
0420,0
0%ale
_06m0e0
07=l,0
o12s1.0
GO To 54
_51 CB=REsCS
T DO TSS ST NRET
. IF({D8=RHIK)) 52,52,53
52 09=RH{K)=RH(K=1)
06=(RH{K)=~D8)/D9
07={D8=RH(K=1))}/09
. Dl=N6#GXC(K=1)+D7*GXC(K)

" D12206%CFR(K=1)4DT*CFR(K)
D14=06%GX4(K=1)+DT2GX4(K)
C2=SQRT(D1)
D32RE*(DOSGXL{K=1)+0TEGX1(K) )
D4=RES(DEHGX2(K=1)+DT*GX2(K) )
D5=RES{D6*GXI(K=1)+07#GX3(K})
TTTTD6RE#(DOEAGXS(K=1)+DT*GXS(K ) )

D7=Dl4
G0 TO 56
53 IF(NRET=K) 54,454,55%
" 54 DBsRHIK)
GO TO 52
5% CONTINUE
56 011=C9*D2
H32(J)=D11

—
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12%
126
127
128
129
130
131
132
133
134
138
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
179
171
172
173
174
175
176
1717
178
179
180
181
182
183
184
185
186
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’

[NESIEF G

5

RS — ... A
. C10%1,0/(C6%CH) 107
. 08e1,5/C5+40,5%03 188
. D980, T7500104(1,5/C6=0,2%50D3)40340,5¢04 189 |
' 0109=00375/C6%01040,3758038( 340¢010=04=04403%({D3=3,3/C6)) 190 :
. 19225/C68044045405___ L 191
AGL(J)=D7 192
AG2(J)=C1le064D11 193
AG3(J)=C2¢06401] 194
DAaCl908 198
05=C2+08 196
D6sC7%D9=C4%08_ 197
AGA{J)=01 198
AFL{J ) («C18D8+4(240%C59C2=CAC] ) #09+CT4C12010=D4206) #0111 199
AF2(J)n(D4A®C5=-£2)/011%6,0 200
_ _AF3{J)=12,0/011%Cl 201
AF&(J)s=D4 202
AFS{J)==06 A 203
AF6{J)15=6,07011#C2 204
__AFT(J ) (=C28D8=(2,02C59C14C49C2) ¢09+CT4C 20 I10=05206) #D1L 208
TTAFS() e (05*C54C1) /0112640 206
AF9(J)e=D5 . 207
014=012/C6#0x 208
1F(J=1) &7,67,57 209
HLE=CO 210
GO TO S8 . e 211
ST [F({MB=J] 68+68,59 ' 212
__G8 HTBeCH B ) i 213
S8 014=0,5%014 ’ 214
39 D13=0134D14 e 21%
60 C3aC340X ’ T 216
IE(KRE) 70469,70 ‘ ) 217
. T"69 HAN(IPDIx1e0-ECC ' 218
[ R _ ) 219
. 70 IF(HLE=HTE) 72,72,71 220
. 71 HANCIPO)=HTE L _ 221
. - o0 to 13 T T e 222
72 HMN(IPD)=HLE L 223
73 C5=MB 224
00 63 J=l,M8 L 22%
8T (J)=1.0 226
NI(J)sl o 227
O 62 I=1+N e 228
JSX(I)=2 229
JEXCI ) =M - 230
L Sx{1)=1,0 231
EX{T)=CS 232
THS(I)sCSIL 233
“THECI I=CSET#ALPH ~ TTTT T - 234
_ ALFAM(J,112140 238
T62 ALFAP{J,1)=1,0 216
___63 CONTINUE 237
Js=1 239
JFaM8 ~ 239
T J81=2 ‘ - 240
__ JFlamgel 241
NIT=0 242
_ERR=1,0 243
IF(NPH) 65,64,65 2644
84 IF(NRN) 65,6665 243
65 WRITE(6,116)1PO T 246
66 IF{XBE) 423,301,301 :41
a8

7301 00 303 Ial.N
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3 —. . D0 302 Ksl,N 249
; ClISnlok)=de0 4 250
P : ..302 G(JSnlsK)=0s0 ' o 251
‘ GlJSnulel)el,0 : 252
GR{1n1)=0,0 . ) 2%3
"""'Eo 303 Jal, M8 254
"~ PlJel)=0,0 _ 2%5
€lJe1120,0 256
303 FlJy1)e0,0 257
00 326 JaJSlyJFL 2%8
Cl=AFS(J) o L 259
wAEG(J) : _ 260
L £3=AG1(J) 261
‘ CanCIROELX3 262
00 303 I«l,N 263
Ptie)=0.0 264
00 304 KmlyN . . 265
v J=0e 0 . ’ 2466
8(Js3)20,0 N 267
Cl)=0,0 268
305 FlJe1)=0e0 . : 269
T RI=K1(I) 270
RJl=KJ=1 L 21
8T1=1.0 ' 212
1IF(KJ]1) 306,327,311 2713
T304 00 310 tai,N 274
n(x.t)-cl-ostvz-DELva-c-cq 275
8(J,1)=0ELY3 276
CUIlmDELYY 217
FlIe T1=t2 278
1F{N=1) 307,307,308 ' 219
s T=11nCa+C4 289
60 7O 310 281
1411l 282
1F{1=1) 310,310,309 ‘ 283
vi=lin 284
__310 CONTIMUE 285
¢0 107320 ’ 246
311 BT1=8T{J) 287
312 1=a1,KJ1° 2P8
312 A(I,1)=1,0 ) : 289
“RJy i : 290
CSsALFAP(J, 1) - 291
~TI=ALFANTJs 1) N 292
__D1=C34C9 293
} T 01=0X2701 ) 294
02=01/CS% 295
OISOty 296
CI=0X2/C5/C9 297
TR 1Y 2 298
1F(I=KJ1) 313,313,314 299
; " 313 C6aTI~C9-D22/BT1%C3 300
i C8aD22/(1,048T1)%C3 301
| — T T¢Tataserl ‘ 302
: GO0 TD 315 303
314 Cé=C1-C9-022%C3 304
C8=DELX3%C3 30%
C7=C8 306
315 Af{1,1)=C6 ‘\\\ 307
IFIN-I) 317,317,316 308
316 A(l41=1)aC7 369
pIs1e1)=C8 310
=206~
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. GO 71O 318 . ' ’ 311

. 317 All,1=1)nC74C8 ~ 312
. 318 B8(J,y§)=01L 313
Cl1)=n2 ‘ 314
- 319 CONTINUE 315
320 €N 322 Is1,N ‘ 316
C2 321 Kel,N 317
321 AK(1oKI=A(ToK)4BL(Iy 1) 20(J=1, oK) ~ < e
322 CONTINUE 319
CALL MATINV(AK4NyGKy9IyDET,10) 320
GO TO (3244323),10 321
323 WRITE(6,139)1PD © 322
60 10 2% 323
324 00 3295 Ixl,N 324
00 325 K=l,yN 328
CSaaK (1,K) 326
GlislyK)aCS 327
328 D(Jdyl,K)n=CE58C(K) 328
326 CONTINUS 329
CALL PRZSS{JS1+JFL1eNoNRP) 330
TFINRW) 341,344,344 331
341 WRITE(6,217INIT 332
WRITE(6,118) 3713
00 342 l=l,N 334
342 WRITE(S,119)1,SX{I)EXIT),THS{L), THE(T) 338
IFINARNW4L) 343,244,344 336
343 WRITE(6,120) ’ 337
344 00 347 JInJS,JF 338
A _C3sH32(J) 339
DO 345 I=l,N _ 340
C4mE(Jy10/C3 g 341
. EtJs1)=Ch . 342
345 PlJy1)sCA®ECC 343
. TFINRW+1) 346,347,347 344
. _ 346 WRITE(641210(9(Jsl)slsleN) 348
. 347 CONTINUE . 346
CALL SIMPINJFR.ET) 347
FR=SPOSFR 348
FTaSPO*FT 349
BROA=~FR=~FR 350
. _ BTDA==FT=FT 38}
FReSCCHFR 3152
~ FT=ECCHFT : 353
SMFV=SQRT (FR®FR¢FT*FT) 354

IFISMFV) 423,423,349

349 SMF=l,0/SMEV

ATT=TANVIFR,FT) 3186
CFPIIPD)n34141592T30134CoS*ECCHFT 357
Cil=204017453293%ATP 358
CATP2COS{C1) 3159
SATP=SIN(CL) i 360
FXPUIPD)aFRACATP+FTASATP 351
EYP({IPD)=FTSCATP=FRASATP 382
IF(KRB) 351,362,351 3e)
. 351 IF(IN/2)%2=N) 352,353,353 364
352 QXS2164I%P(2,N)=4,0%P(3,N) - 368
JlaN=2 366
GO TO 354 367
353 GXSu2,0%P (3,N)=8,0%P{2,N) 368
JisN=] 369
354 O 355 [=1,J41,2 » 370

355 QXS=QXS43240%P(2,1)=0860%P(3,1)1216,0%P(2,1+1)=4e0%P(3,1¢1) n




GRSe1,87079638(1,0¢ECCOCS(1))1=8PD3CQXS/0XS({HI2(1)002)
3186 IFIXR:Z) 397,387,357
97 1FL(N/2)02=N) 358,359,3%9
338 CXEulby )JSP(MyN)=4,0¢P{M],N)
JleNe2
30 70 ¥6Q
389 CXE22,)0P (ML NI=8,0*P(M,N)
JlaNe]}
JAQ CO 6t Isl,J1,2
361 QXESQRES32,I8P(My 1) =3,00P (ML, 1) 016,00P(M,[)=8s0¢P(N1,1).
AREaL¢BT7077638({1,0¢ECCRCSIMB) ) +SPOISQAXE/ONS(HI2 (MB)&#2);
GO T 3712
362 CXS$s)3,0
CO 366 Int,N
CleTHSIT)/S5T1.,295178
Cle1,042CCeCOSICL)
IEC(1-~2) 363,366,364
363 Clado0sC)
GO TO 366
384 IFIN=L) 366,366,365
343 ClaCieC}
366 OXS=QxS+C1
QXS=2SPO4®QAXS
" 60 TO 3%
367 QXE=0.0
0O 371 Is),N
Cla1,0+ECC*COSITHE(1)/57,29578)
IFt1=-2) 368,371,369

368 Cls4,09C1

G0 TO 371
__ 369 IF(N=1) 371,371,370
370 C1aCleCl
371 QXE=QXE+C1
QXE=SPDASQXE
__msvg“czz;asxcn;t(usztn)ctz)-(xo.otvtn.1)-4.o-v«n.zt’
Ji=
L IF((M/2)82=M) 373,374,374
373 Q229Q2243,08AG2(2)8(HI2(2)882)8(4,04P(2,1)=P(2,2))
 1=0e25%AGLI3)$(H32(3)882)3(4, 08P (3,1)=P(3,2))
Jie3
374 0O 375 J=Jl,M2,2
FTS QZ22Q22+44,0%AGL{JIS(HI2(J)1$82)8(440%P 10, 1)=P(Jy2))
1902,00AG1(J41) #(H32(J+1)#82) € (4, 0#P(J+1,1)=P(J+1,2))
QZT(1PD)=SPDS*0X*QZ2
QXL (1PD)=QXS
QXT(1PD)=QXE
ERR=0,0
IFINRP) 387,387,380
380 IF(XBE) 387,381,387
381 SRReECC
CALL RUPT (MyNyKRByKRENRW,JS s JFyJS1,JF1,ERR)
NIT=NIT1
IF{NRN) 382,383,382
382 WRITE(6,122)N{T4ERR
J1=l
383 IF(NaW) 384,385,385
384 WRITE(6,124)
WRITE(64123)SMF,ECC,ATP,ATT,FR,FT
WRITE(6,125)
WRITE(6,123)CFP(1PD),QXS,QXE,QZTIIPD)JFXPLIPD) FYP(IPDY
IF(J1) 388,388,385
385 IF(CVLR-ERR) 386,387,287
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3712
ars
374
378
k¥{
m
378
379
380
sl
382
383
384
3as
3ué
87
388
349
370
391
392
373
19%
39%
396
397
398
399
420
L1}
6.2
423
6.6
475
456
4n7
424
&59
410
411
412
413
414
415
416
417
418
419
%20
421
%22
%23
424
425
426
627
428
429
430
431
432

- 433
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. 386 IFINRP=NIT) 387,3C1,301 34 j
. 387 J1e0 Y1 S
. . IEINPH) 384,392,384 , 436 ;

388 MRITE(8,122)NIT,ERR . 437

. o WRITE(8,118) 438

CO 389 I=l,N 439

389 WRITE(6,119)1oSXIT)EXIT)oTHS(T) o THE(T) 440

IF(NPM) 390,392,392 [V

390 WRITE(6,120) 42

00 391 Jal,M8 443

391 _NRITE(6,121)(P(Is1),1L,N) PO

392 00 393 Jal,N8 VY ]

00 393 Ial,N : 446

E(Jel)=0e0 a7

393 F(Jy1)=0,0 _ 448

00 402 J=JS1,JF1 . 449

ClmAFLLJ) 450

sAF2{J1 451

_ C3s=AG2(dY _ o N 4%2

TTTTRIRKT ) : ' 53

1F(KJ) 394,394,398 _ : .54

394 KJel .55

395 00 401 I=KJ,N . 456

Te=Pldy D n57

__IF(I=KJ)_ 396,396,397 _ _ 458

396 C5%0.0 459

6O T0'398 ‘ 460

397 C5aPldsl=1) s61

398 IF(N=1) 399,399,400 o : 662

99 C6 : 463

GO _TO 401 . a64

. "800 CoeaPlJdnl¢l) 465

__40L _Fl3is1)sC18CA+C24C30DELX3(CS5+C6=CA=CA) .66

. 402 CONTINUE 867

. CALL PRESS(JS1oJF1oNy=l)} 468

. 7700 404 JmJS.JF .69 .

ClsH32(J) 470

C2=AF4(J) a7l

_ 00 %03 Isl,N ) 672

403 E(Jo1)mELJy [)/C14C28P 1, 1) 473

404 CONTINUE . 476

ALL SIMP(N,C1,C2) .75

_DRDE=SPD®C1 , a76

T T OTDEmSPDRC2 77

00 413 J=JS1,JF1 . 478

Cl=AF7(J) 479

___ __C2s=AFB(JL 480

C32<AG3(J) o s81

NJ=K1 () .82

# IF(KJ) 405,40%,406 483

405 KJ=1 486

406 00 412 I=KJyN a8%

o Ce=Pl4 T} 486

IF(1=KJ) 407,407,408 487

. 8407 C5=0e0 488

GO TO 409 489

408 CSsPlJyI=1) 490

409 IF(N=1) 410,410,411 491

__410 C6sCS N 492

GO TO 412 - 493

411 C6=P(J,y141) 494

412 F(Jy1)aCL#CA4C24CIPDELX2#(CS4C6-CA=CH) 495
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13 CONTINUE
CALL PRESSUUS1JF 1 Nem=1)
" B0 618 JniS.JF
(SELEPIN])
C2=4F9tY)
0O AL4 Lal,yN
_ 016 E(Jo1)sELJal)/CLeC20PLU 1)
413 CONTINUVE
_ CALL SIMP(NsC1,C2)
DRDA=SPDeCL
OTDARSPOC2
00 419 JaJS1,JFL
Cl=AF3(J)
RJekItJ)
IFIRI) 416,416,417
4186 nJa)
417 00 418 1akJ,N
418 Fldel)nC)
419 CONTINUE
CALL. PRESSIUS1oJUF1,Ne=1)
BN 421 J=JS,JF
CleN32tJ)
. ... 00 420 Isl.N
420 ELa 1 1=ELI 1) /C1
421 CUNTINUE
) CALL SIMP(N,C1,C2)
BROE«SPD*C]
BTDE=SPD®C2
_C1=DRDE®CATP#DTDESSATP
C2«DRDA*CATP+DTDASSATP
SXXPL IPO)=sCLSCATP=C28SATP
SXYPLIPD)=sCLleSATP+C2¢CATP
C1aDROESSATP=DYDESCATP
C2=NROA*SATP=DTDASCATP
SYXF{1PO)=CLleCATP=C2*SATP
SYYP(IPD)=CLleSATP4C2*CATP
H ClsBRDE*CATP+BTDE*SATP
; C2sBROASCATP+8TDASSATP
o BXXP( IPNLuCLISCATP=C2¢SATP
BXYP(IPO)=CLloSATP+L22CATP
C1aB8ROESSATP=BTDC*CATP
C2=BROA*SATP=BTDASCATP
BYXP{ IPD) =CL*CATP=C2%SATP
BYYPLIPD) =CLeSATP+C2#CATP
Cls(SXXPLIPD)I®BYYP(IPD)+SYYPLIPO  aB8XXP( IPD)=SXYP(IPD)*BYXP(IPD)
L=SYXP(1PD)*aXYP{ IPD )}/ (RXXPLIPD)+YYPIIPD)).
C2ol{SXXPLIPDI=CLI®(SYYP(IPD)=C1)=SXYP{IPD)eSYXP{IPD))}/
LIBXXP(IPD)*AYYP( IPD)=BXYPLIPDISBYXP{ IPD))
Cls=C2/C1
C3=SQRT(ABS(C2))
CenSMFeC]
Cl=C1/33.478418
IFINPW) 622,425,422
422 WRITE(64126)
WRITE(6,123)0RCE,CTDE,DRDA,OTDA,BRDE,BTNE,BROA,BTDA
MRITZ(6,127)
NRITE(H123)SXXPLIPO) +SXYPLIPD) o SYXP({IPD)sSYYP{IPD)BXXPLIPU),
18XYP{ IPD) »BYXP(1PD) ,BYYP(IPD)
WRITE(6,128)
WRITZ(6,123)C1,C4,C3,C2
GO TO 425
423 CFP{1PDIn3,1415927#0D13

——eoem

IR ST S e T e Y NSOV ICRY PP ST —
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496
497
499
499
300
S0t
502
503
504
508
%06
597
508
%09
510
11
512
513
Sls
518
516
s17
518
519
520
521
522
523
524
525
526
527
528
529
530
531
5132
533
534
535
536
537
538
539
540
S41
542
543
544
545
546
S47
548
549
550
551
552
553
554
555
556
357
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426

425
426

427

428
429
430
431

432

436
437

433
434
435

CXLIIPDIRL5T0T9638(1,04ECCECSIL))
QXT(IPD)=QXLIIPD)
QITLIPNYIND,Q
FXPL1IPD)InTe)
FYP{IPD)n0,e2
SXXP(IPN)=20,0
SXYP(1PD)L=0,0
SYXP{1PD)=0Q,0
SYYP(1PD)=0,0

8XXP{ IPD). 20,0
BXYP(IPD)=0e0
BYXP(1PD)=0,0
BYYP{IPD) =040
IF(NPW) 424,425,424
WRATE(6,129)
WRITE{6,130)
MRITE(6,123)CFPLIPD)(QXLIIPD)
[POsPO+]
IF(NPAD~IPD) 426,434,134
FXB®),0

FYB=0,0

SXX8=0,0

SXY820,9

SYXB=Q4)

SYY3=2yed

BXXH=Ye )

BXYd=neu

BYX3%06D

BYYHRRQe 0

RCFW=)e >

CXLB=(e)

C2TB=0,9O

CaT=9,0

03 432 I=1,NPAC
IF(NPAD=1) 427,427,428
Cl=0XT{I)=QxXL (1)

GO TJ 429
ClaQXT(I)=QxL(1+1)
IF(Cl) 439,430,431
Cl=0,0

CAT=QBT+C1
CXL3=QXLB+QXL(I)
ClTA=QZTB+QZTI(I)
RCFWsRCEWACFPLT)
FXB=FXB¢FXP({ 1)
FYB=FYB+FYP(1)
SXXB2SXXB4SXXP(])
SXYR=SXYBSXYP(])
SYXB=SYXB+SYXP(])
SYYt=SYYU+SYYP(L)
PXXB=BXXB+BXXP(])
BXYB=RXYB+BXYP(T)
EYXBugYXB+BYXP(])
BYYR=3YYB+8YYP(])
QBT=QB8T+Q27T8
IFINPAD=1) 436,436,437
QBT=QZTB+QXT(1)
SMFV2SQRT (FXBSFXB+FYBSFYR)
IFINPW) 435,433,435
IF(NAT) 435,435,434
IF{NPUN) 435,440,440
WRITE(6,132)NA
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541
582
563
584
585
596
587
588
589
590
591
592
593
594
595
596
597
598
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WRITE(64L31)ESA,FYB
WRITZ(6,133)

WRITE(6+123)FXByRCFW,QLTBIQRT)QXLA, SHFY

WRITE(6,127)

WRITE(6+123)SXXRoSXYBySYXBySYYBAXXA¢BXYB,BYXB,3YYR

440 IFINA=NABL) 442,44],44]
441 WRITE(6,134)
GO TO 478
442 NAsNA+)
IFINAT) 443,441,444
443 ESAsESAS(NA)
o Go TO 32
444 IF(FXB) 444,445,447
443 Fx8s1,0
446 IF(NAL) 447,452,447
447 IF(CVLA~ARS(FYB/FXB)) 448,475,475
_A48 IF(NAL) 455,449,454
449 IF(NA2) 451,451,450
4350 NA2=0
GO TD 452
451 IF(FYBeX(1)) 493,475,452
452 X(1)aFY8 .
Y(1)=ESA
GO TO 443 .
_ 453 NAl=1
X(3)aFY8
Y{3)=ESA
ESA=(Y(1)+ESA)/2.0
.60 10 32
454 NAls=]
X(2)=FYB
Y{2)=ESA
60 10 465
435 1F(ESA=-Y(2)) 461,456,456
456 IF(X(2)eX(3)) 457,457,458
X1 )nXt2)
L x2)=FYB
Y(1)=¥(2)
Y(2)=ESA
GO TO 465
438 IF(FYBeX(1)) 459,459,460
459 X(3)nFYD
Y(3)aESA
GO TO 465
460 X(2)=FY8
Y{2)aESA
GO TO 465
461 TFIXIL)*X(2)) 462,462,463
462 X(3)=x{2)
X(2)=FYB
Y{3)=y(2)
Y(2)=cSa
GO TO 465
463 IF(FYB®X{3)) 464,464,460
464 X(1i=FYB
Y{1)=ESA
485 Cleay(2)=-¥(1}
C2=Y(3)1~-Y(2)
Clsv(3)=Y(1l)
Casix{3)=X(2))/(C2%C3)
CS=(X{l,=%X(2))/7(C1l*C3)
C3iaC4a+CS

=212«

40
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- 466
467

468
469
470
475

476
417

478

479

449
481

4A2

s+ b ﬁ_mj-mi*_, -

- e

CesCleCe=C2=C5 82
C5eX(2) L} ]
IF(CI) 4679466,467 84
Che=C5/04 83
GN TI &7) 86
C6=20,5%C4/C3 87
C7eSQRT({AAS(C6#CH6=-CS5/C3)) 88
[F(CH) €63,4690469 89
CIsC1? 90
Césl7-CH 9
iSA=Y(2)+CH $2
3N 1™ 32 93
ECC=SQRT(FRCA®ECA+ESAL35A) 94
ATTaTANV{ECA,E5A) Q3
IF(IPAD=1) 476,476,477 76
CAT=2Q2T(1)+XT(1) 17
Cle(SAXB*3YYB+SYYREBXXB=SXYBSAYXR=SYXRRAXYB)/(BLXB+3YYD) 98
C2a{(SXXB=CL)S{SYYRB=C1)=SXYB2SYXS)/{BXX1*BYYB=RXYRS4YXH]) 39
Cl=C1/C2 17
C3=2SQRT(ARS(C2)) 1!
C5sC1/33,478418 1302
WRITZ(64135) 123
WRITZ(69123)ALD,REy:CAyTSAWECL,ATT,SUFV,FYR 174
HRITE(6e136) 103
WRITE(69L23)RCFA,Q2T3y 10T IXLD,FXB,54C3,C2 126
WRITE(6,127)

WRITE(Hs123)SXXI 9 SXYNoSYXBySYYB9AXXR4AXYI,BYXAy2YYY
IFISMFV) 479,479,478

SMFal q0/SMFV

RCFWS=SMFSRCFW

FXBS=SMF*£EX

FYBS=SMF#FYD

ClaSMFsCl

SXXSsSMFeSXXB

SXYS2SMFESXYA

SYXS=SMFeSYXB

SYYS=sSMFe«SYYB

BXXS=SMF®BXXHB

BXYS=SMF=BXYB

BYXS=sSMF*RYXB

BYYS=SMF=AYYB

WRITE(6,137)

MRITS(6+123)SMF, FXBS,FYBS,RCFWS,C1
WRITZ(6,138)
WRITZS(69L23)SXXS g SXYSySYXSySYYSeBAXSyRXYS,AYYS,1YYS
WRITE(6,141)
WRITE(HsLa3)(IKM(T),12],MPAD)

WP ITE(6,142) {HMNIT) ,,I=]l,HPAN)

[FI{NPUN) 487,485,481

IFINPUNSL) 481,485,485
CoaSXYBRSYXN=BXYB*BYAL
C7=SXYB*BYXR+SYXB*B (YR
C8aSYYB*SYYI+RYYB#BYY]
CI=RXXB=~{SYYB*CT7-BYYH*CAH) /(8
CB=SXXY=(SYYReCH+BYYD*CT)/(8
WRITE(10,119)ECAsSMFVRCFRyQXLBy SCCHNPUML
NPU' L= NPUNL+]
WRITZ(1U»115)C8,COySYYE,RYYDHATTyNPUN]
NPUNL1sNPUNL+1

[FINPUN=L) 4HS,4H5, 442

MAITE(L e 214} SXXBySXY3,5YXR,S5YYA
NPUNL aNPUNL+]

«213-
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129
121
122
123
124
125
126
127
178
129
139
131
132
1313
134
135
136

140
Lal

143

Nr1-3081



et e e
. ' 3
o 3

i T i e s R L B AT '*’;T O I T
oL . .

Fan
‘L."'. .

MRITE(10,114) BXXB,BXY8,BYXB,BYYB
NPUNL sNPUNL+ L
48% NET1aNECL o)
IFINECA=NECL) 48642222

.. 486 NRE1=NREL+]

" {FINRE=NREL} 487,21,21

487 NLDLwNLDL+1

IFINLC=NLD1) 438,20,20

A08 TF(INP) 489,12,489

489 STOP
98 FORMAT(1S)
95 FORMAT(4E1S5,7)
100 FORMAT(T2H

1 )

101 FORMAT(1219%)
102 FORMATUIIPSEL4e6)
103 FORMAT(1PEL446,15)
“TT04 FORMAT(1HO,11THCIRCL.OIV  AX.DIV NOeL/0 NOSREYN  NJ.PAD . N
_1UE®COSA NOeA=IT NOGRUPoIT PADeCATA RUPT,DATA ATT,AsDATA INPUT

1)

——

105 FORMAT(16,11110)
106 FARMAY{1HOy 27THCONVeLIMo ATTo A CONVel IMeRUP)
107 _FNRMAT(1HO,10HL/D RATIOS)
fi404 164REYNOLDS NUMBERS)
109 FORMAT(1HO,17HECC*COS(ATT) DATA)
110 FORMATILHO 13HECCHCIOSIATT)sLPEL2R,6014H NOGE®SIN(A)=I3)
___A11 FORMAT(ZIH LIST OF ECCHSIN(ATT)) '
112 FORMAT(1MO,21HBEARING GEOMETRY DATA)
113 FORMAT(5SH INLET ANGLE OUTLET ANGLE PRELOAD ANGLZ PRLD=X)
~1Ia FORAATTREL3 S, 1280
113 FORMAT(5E13,5,115)
1186 FORMATUIH1,1SHBEARING PAD NOes12)
_ 117 FORMAT(///1HOs 21HRUPTURE ITERATION NOes12)
‘118 FORMAT(1HO4A0H 1  BEGINe INDEX END INDEX BESIN ANSLE E
IND ANGLE) L
119 FORMAT(13,1P4E15,7)
__120 FORMAT(1HO,21HPRESSURE DISTRIBUTION)
TT121 FORMAT(LPE1244y1PSELLe4) .
___122 FORMAT({22H RUPTURE ITERATION NO.12,9H ERROR=1PE13,6)
TT123 FORMAT(1PBELS.7)

124 FORMAT(1HO,86HSONMERFELD NO ECCeRATIN ATT4ANGLE CALCOAT
eANGe T FeRr/S®i F=T/SeN}

__125 FORMAT(1HO,86H 1/S*(R/C*F/W) (Q=X/NDLCIIN  (Q=X/NDLCIOUT (Q=Z/ND
ILC)ISIDE FeX/Sew F=Y/S5*W)

126 FORMAT(1HO, 12H OFR/SDE, 8Xy THOFT/SDE, 8X . THDFR /SDA 4 AXTHOFT/SDA, 7

1 Xy GHDFR/SDEDT 9 6X 4y SHOFT/SDEDT 46Xy FHOFR/SDADT 4 6X4 9HDFT/SDADT)

127 FORMAT(1HD 94Xy THCKXX/SWe BXy THCKXY /SWoAX s THCKYX/SWe8X o THCKYY/SWe TX e
LBHCHBXX/SWe TX ¢ BHCWBXY/SWy TX 9 BHCWBYX/SWy 7Xy BHCWBYY /SHW)

128 FORNAT(IHO'SBHCMNIHUOL(RIC)Z CHMWee2/W FREQ/W (FREQ
1/W)*=2)

129 FORMAT{140,15HPAD IS UNLOADED)

130 FORMAT(1HO,28H 1/S®(R/C*F/W) (Q=X/NDLCJ}IN)

131 FORMAT(1HO,13HECCSSIN(ATT)=1PE13,6917H HORIZLFORCE/SH=1PE13,46)

132 FORMAT(///1HO+IZHBEARING RESULTS,ATTLANGLE ITeNDsy12)

133 FORMATIIHO y4X o THF=X/S®Wy 55Xy 12H1/S(R/CEF /W)y 2X9 14H{Q=Z/NDLZ)SIDEy2X
1el13HIQ/NOLC)ITOTAL o 1Xy 14H{Q=X/NDLC)ICIRC ,7X,43H1/S)

134 FORMAT(1HN,40HNUMBER OF ATToANGLE ITERATIONS TOO LARGEY

135 FORMAT(//7/1HOy6X4IHL/D+9Xs IBHREYNSND, ECCeCOS(ATT) ECCHSIN(A
SRS ECCLRATIO ATT4ANGLE 1/S FeY/S9%W}

138 FORMAT(1HO,116H 1/S*(R/C*F/W) {Q=Z/NDLCISIDE {Q/NOLCITOTAL Q=X/ND
ILC)CIRC F=X/S*W CMN/MUDOL(R/C) 2 FREOQ/W (FREQ/We=2)

137 FORMAT(1HO,72H SUMMERFELO NO FeX/¥ FeY/W (R/C
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145
146
147
148
149
150
151
152
133
154
15%
156
157
158
159
160

163

169
171

172
173

178
180

181
182
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;
;
. . LIS{F/u) CMWs22/4)
. 138 FORMAT(ILIHI 95X 9 6HCKXX/We 9X s SGHCKXY /Wy X9 SHCKY X /W p IX o SHCKYY/ d 8% o THCN

. : LBXX/dgBXy THCHBXY /Wy BXy THCWBYX/N ¢ BXy THCHBYY /W)

) 139 FORMAT(IHO,26HVMATRIX S SINGULAR,PAD NOes,12)
i . 140 FORMATUIH)»41HECCENTRICITY RATIO GREATER THAN 1,PAD NOe,12)
S 141 FORMATILIHD, J&HMINIMUM FILM THICKNESS FOR PAD NO, )

R 142 FURMAT(1P10512,4) 211
, 143 FORMATIIT,9112) 212
’ END 213
$IBFTC SURPT  DECK

SUBIJUTINE RUPT{MyNyKRB)KRE ¢MP 4 JS,JFyJS19JFLyERR D 2

CIMENSION D(37413003),G(37913413),8(3751354E(37,13),F(37,13),
LPU37913) 0 ALFAP(3T)13) 4 ALFAM{ 3To13),H32037) o THA(DITIoASI(37) o 4
" 2AGH(3T7)9CSU3T)oSSI3T)BTIITI o KI{3T)4ISKUL3) G JEXILIIoSXE13)uEXILI), s
i ITHS(13) 4 THE(1D) 6
COMMON DyGoByEyFoPy ALFAP,ALFAMyHI2y THAGAGL pAG4sC S9SS 93T KT ndSXy 7
P LISXoSX9EX g THS g THE 9 DXy D24 CST T ALPH 8
. M=M 9
ST NsN 10
KRB=KRB 11
' KREsKRE ‘ 12
0 MPeMP . 13
. JSays 14
' JEsJF 15
[ JF1=JF] 16
L J51=451 17
TS ECC=ERR 18
- NlsNe} 19
T, MBuMe | 29
K o NCsN+ ) 21
ST N2eNC+2 22
B . SER1=142 23
s SER220,0 26
; . SZR3%1,0 2%
. i SER4=0,D , 26
. OR=), 140X ‘ 27
A JSal 28
- JS122 29
- JFeMg 30
v | JFl=M 31
- DO 502 J=l,My 32
. BT (J)=al,0 34
W MI{J)=D 33
SHREE 00 501 Isi,N 3s
g ALFAM{J,]1)s1,0 36
v 501 ALFAP(J,1)%1,0 17
o 502 CONTINUE 38
Lo Clams 39
oA CO S33 I=1,V 40
. THS(1)=CS11 41
i THE(L)=CSTI+ALPH 42
L JSX(1)s2 43
ca 503 JIX([)aM 44
L 00 592 I=1,N o 4%
-« I JlsNCe] 46
i K?sl=1 47
S Clax7 48
A Y4=(C1%02Z 49
s K729 50
. IF{JL=N1) 509,508,537 s1
o 507 KS=1 52
i 60 TN 519 33

218
wi-3




509 %820
“310 00 391 Jn2.M

S11 IF(KT) 391,591,512
2 WT=D

508 KSeel

60 TO S10

PR3 P(JyJ1}
51,51 518

TE(RKRE) 591,513,591

13 X4ale0

THCoTHA(J=]1)
[ J=leJ °
- GALl=AGA(J=1)

CX2nAGA(J)
GZ1=AG1(J~1)

612=a61(J)
A2=X2E

32=22€

£ 17 14
Y2sY2E
sK
K3IsKk3IE

R¥=J-1
NJeKX

JPeKX
uxlsy

- NX2=0
v1aMg=KX

S0 10 528

313 IF(K7) 591,516,591

[
IE{XRB) 591,317,591

J=2) 591,518,520

SI0 Mng=)

Kal,N
ALFAMEIRI=1e0

P e e

SX(K)=1e0
THS(K)I=CILL

519 JISX(KI=2

SER2=0.0

$20 Méa=1.0

SERT=ILD
BT(JA=10
)

aTH
GX13AGA(J)
] or) T
621=AG1(J) o o
SAGITI=1) T
P2sPR/3eC
-

X3=X¥3

—— ATl U

-316m

54
55

14
56
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
73
76
17
18
79
80
81
82
83
a4
83
86
87
88
89
90
91
92
93
9%

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
11%
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kX220
Yi=y=1

525 KJ(KJ)=} e e
GX2(GX2=GX1)70X

——GR2e0G2=GRYI/OX L

IFIKS) 527,528,526
526 K2=KX e e e oo e
Vl'DXOYl
. GO TO 534
837 K3=K2
GO 10 530
528 KQvK3=KX
... JFIRQ) 530,530,529
529 C2#KQ
C2aC2%0X e

132342
X3ax3+C2
Y1aX2
_ L IFCZ2=X2) 531,532,532
“§31 vis22
_ 532 NQ=K2~=KX

|

TR(KQ) 534.334.533
533 C2=xQ

T Camtaeok
_R2s224C2

X2=X24C2

Y1sY14C2
8534 C6=0,0

C9s(Y24D2Z=Y4) /DR

- —

CI=s-p2
Ko=) = o ) _
3§35 Conc6+0R
_536 C7=C68Co+Y4
IF{KS) 538,539,537
337 C1=0,0
C?-0.0
GO TO 545
538 C9=({X2=C6)/CT42,0
GO TO 545
539 D2=aX3-X2
01=X3=C6
TFIDL) 540,540,541
540 C920.0
GO TO 545
_541 IF(D2) 54245424543
842 CI=aDL/CT92.0
50_T0 545
343 C9=01/02
________ IF(CO=1,0) 540,540,544
544 C9» ALOG(ABS1C9))/7ALOGIABS(CT7/Y2))=D1/C?
545 COaTHC+X42CH
U3=C0S(LC8)
O4==ECCHSINICB)
D5=1,04ECC*N3
D1=GZ1+C6#G22
D2=GX14C6*GX2
06=05205¢05
C53(1,0+4C9%CI)*CH

C5=(C5/D2)%(C5/06)%(D4/(1,0+014CI*%CI))~P2

CTscaacoeys
IF(K&) 556¢5464550
546 Cl=C3

=217

116 i
1:7 :
118 i
119
120
121
122
123
126
129
126
127
128
129
130
in
132
133
134
138
136
137
138
139
140
141
162
143
144
145
146
147
148
149
150
151
152
153
154
1593
156
157
158
159
160
161
162
163
164
16%
166
167
168
169
170
1n
172
173
174
178
176
177

i
t
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.

T ST e a———

ey -

547
sae
549
T¥s0
351
552
533

354
55S

559

565
566

556
557

CisCs
IF(CL12C3) 549,554,547
IFICa=Y1) 535,548,548
Cényl

Craye

CAsTHCH+X4SCH

KX2=)

GO 10 s87

K4n]

C9aC6=0, 320R

GO0 10 536

K4ea) .
03!(310C3°C5-C5’/DR‘Z;O/DR
04=(C3~C1)/0R

IF(D3) 552,581,552
0%5==C5/04

60 TQ 558
04s04/D3%0,5
D78SQRT(ABS(D6#82-C5/03))
1F(D6) 553,554,554
052-06~D7

GO 1O 553

052-06407

Cé=2C6+05

GO Y0 53¢

IF(C6~Y1) 857,558,548
K4n)

YisC?

THC=CS

IFIKS) 559,560,558
IlsCh

Y130,0

GO TO 561

03svieyv}
03=(C6-221/03

D4=0,0 ’
Il=D3%02¢02422

GC TO %61

DSayl=v4eDZ

Déav4-D7
0T=(23=22)/06
D8=(Cs=22)705
D4=DS5+06
03=(D7+nN8)/0¢

4= (D8*D6=DT205) /04
I1=DZ*(D3%02+04) 422
IF(21-DX) 565,565,582
KI{kJ))=)

JP=K

KXaKX+l

JPaJpeKxl’

I1=21-0x

22=22-0Dx

Co2Co~=Dx

IF(Z1) 564,564,563
I1=21+0x

£2=22+Dx

CéaCHeDX

KXaKX]

JP=yp=KkXx1

IF(KS) 566,566,580
IF(21-22) 568,567,567

-218-

178
179
180
181
182
183
194
149
186
187
188
189
190
191
192
193
194
19%
1396
197
198
199
200
291
2C¢2
203
204
2025
286
237
208
209
212
21
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
23%
236
237
238
239
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567

sés8
369

S70

ST
3572
ST

578
573

376

5717
578
579
$80

581
582
583

584

58%

586
587
588

589

Z1=22
G0 TO 830

[F(22=0X). 580,569,570
KQs JPexx1

KI{KQ)=yle]
8T(KQ)=1,0

GN T %58)

KQuKxel

JQm gp

00 579 LakC,K2
JA=JQeKkx]

IFIKX1) 571,572,572
IF{JQ=1) 579,579,573
[FLJQ=M4) 573,579,579
Kt(JQli=yle])

DSal=xX

C5s22-0%%Dx

IFID3) 575,574,578
0S==035/04

GO TO 578
Cs8N8/D3I%N, 8
CS--O&oSQRT(ABS(DbttZ-DSID3Dl
DS--DboSQRT(ABS(06102-05/D3l)
0S=05/02

IFIDS5=1,0) S78,578,577
LT D Y]

BT(JQ)=D5

CONT I NUE

05=21/0x

IF(X7) 586,581,586
IF(KS) 58%,58%,582
IF{KX2) 583,584,583
KRE=1

JFeMy

JFl=M

GO TD 591

JFlngp

JFsJp+l

K3IEsKX

X3E=21

Z3Es1)

Y2E=v1}

X2€E=Cs

12E=2]

K2E=K X
THE(JL1)=57,295782THC
ALFAP(JP,JL) =S

Co= yp

C6=2D6+405
SSRI=SIRIGAASIEX(JL})
SER&&SER«#AHS(EX(JID-Dbi
EXtJli=06

JIX{IL)nyp

G0 T3 591

IF(KS) 590,592,587
fF{xx2) 583,539, 588
XQ8=]

JS=]

JS1=2

60 TD 531

JS1ayp

JSayjp=1

«219-

240
241
242
243
244
248 ‘
246
247
248
249
250
251
252
253
254
253
2%6
257
248
2%9
260
261
262
253
264
265
256
267
268
269
270
271
272
27
27a
213
274
r 244
278
219
230
291
232
283
284
289
286
287
288
289
290
291
292
293
294
29%
296
297
298
299
300
30




e e st o e

K3BeK X ) 302
g 2381 303
x 138821 304
.t $90 Y28av) 308
{r A28=C 6 _ . 306
l208=11 337
R28eK X 308
THSLJ11257,29579eTHC 309
d 3 ALPAMIJIPJ1)=DS 31
- - Cé=Jp in
4 - 06=06=0% : 312
SERLIsSERL4ANSISX(JL)) 313
SER2uSER24AIS(SXJL)=DS) 314
S$XtJ4l)=06 315
JSX(J1)nypP 316
591 CONTINUE 317
$92 CONTINUE 218
ERR=SER2/SERLHSERA/SERY 319
fE(MPel) 593,596,596 329
393 WRITE(6,599) 321
MRITE(GsSOTI((ALFAP(Jyl)yIsLlyN)oJul,MR) 322
NRITE(SSITIIIALFAM{J 1) o1l N} oJul,MB) 323
WRETZ(6,59T7T)(BTII)pInl, MB) 324
WRITE(6,598) (K1(J)sd=lyMB) 325
596 RETURN 326
S97 FORMAT(LPEL2,4¢1P9EiLe4) 327
598 FORMAT(2015) 328

399 ;OR"AT'[H093ZNRUPYURE DIAGNe =ALFAP ALFAM,BT K1)
ND 330

SIBFTC SUPRES DECK
SUBROUT INE PRESSUJILTHJ2ToNCToNIT) 2
CIMENSION D(37413913),G(3T7¢13+s130,8(37,13),E(37,13},F (37,413, 3
LP(3To13) o ALFAP(3To13) o ALFAMI 374130, H32(37),THA(3T) A3, 4
2AGH(3TILCSU3TIoSSU3TIeBT(IT)IoRKI(3TIoISX{L3) yJEXIL13)oSX(L3) nEXIL3), 5
JTHS(13),THE(13) [
COMMON DoGyRyEgF Py ALFAP JALFAM H32, THA AGL o AGHC SeSSyBT,KI 3 JSX, 7
LIEX9SXoEX o THS y THE DXy OZ+CST 1, ALPH 8
Ji=sJ17 9
J2=)27 10
NCsNCT 11
NZaNZT 12
CO 303 JsJl,Jd2 13
00 502 I=1.NC 14
C3=0,0 15
CO S0L KX=1,NC 16
501 C3aCI{F(JeK)eBlIoKIBE(JI=LoK)I®G(JyT4K) 17
502 EtJy1)=C3 18
503 CONTInUZ 13
CO 508 J=Jy1,J2 20
NELNIENFLN) 21
CO 537 1=1,NC 22
C3=z{J3, I 23
€O S04 K=1,NC . 24
504 CI=CI+0(U3,1,K)*ec{II+],X) 25
IFU(NLZ) 53745054535 26
508 IF(C3) 596,506,507 27
506 C3=),9 28
307 S(J43.1)2C3 29
508 CONTINUZ 30
RETURN 31
END ' 32
$IBFTC SunASIM DECK
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SUBROUTINE SIMPINCT FRTLFTT)
OIMENSION 0(37913613)9G(37413913)08(37¢13),E(37,13),F(37413},
CIPUAT 1) e ALFAP( 37,130 o ALFAM(37413),H32137),THAL3T)4AGL(3T) o
2AGAITTICSI3T)oSS(3T)eBTI3T) oK (3T)oJISXIL3)oJEXILIN,SXILI) $EX(LI)y
_3THS(13),THE(L13)
COMMON De.GoBoEyFoPy ALEAPJALFAMgHI29 THASAGL ¢ AGA9CS9SS9 BT KI nd5Xy
LJEXeSXeEX ¢y THS y THE9OXyOZ o CSI 1o ALPH
OIMENSION SR{13),S5T(1Y)
NCeNCT
D0 710 [«1,NC
. NS=JSX(1)
JEaJEX(])
ASsALFAML JS, 1)
AEsALFAPL IS, 1)
NX=sJE=JS
J2u JE=]
CleE(dSel)
C2n{1s0=AE)SE(JE,])
€C3sC2¢CS( JE)
Con=C2¢SS(JE)
IFLIKR/2)82=KX} 704,703,703
703 Cla(1,0¢AS)eCl
C3s(3=C1%CS(JS)

ClacaeCralsiuS)

JiaJSel
Ga T0 708
704 CS2(1,0¢AS)*{3,0-45)/4,0
IF(AS=0.01) 705,705,706
703 C620,0
T T L%8t8/3.0%4,0
G0 TO TO07

T 706 Coml40¢AS

CosCO/ASSCH/260
C6aCo*CH
707 _C5=(140+C5)SE(IS+1, 1)
=C6%C1
_C3mC3~CHeCSIIS )=CS*CSIIS4L)
CaA=Ca+C5623S(JUS)+C58S5S1JS+1)
e A1mJ542
708 D0 709 Js=Jl,J2,2
C32(3=4e 0%E(J 1 )3CS(J)=2,0%E(JeL,1)2CS(J+l)

TO9 CanCA+4,0%E(Jy 1VSSSUIT#2s0%E(J41,118SS{Se1).
__SR(1)=C3 ‘
710 STlIL=Ce
L _Cl1=SR(NC).
C2sSTINC).
IFEINC/2)#2-NC)_T11,712,702 = ===
Fil JiaNC=2.
FR= 4, 08CL
FTa4e08C2
——... GO TO 713
Ti2 JisNC=1
FR2=240¢C1
FTu=2,0%(2
__T13 DO 714 I=14J1e2
FREFR#8,0*SR( I )+40*SRIT+1)

T14 FTnFT48,08STUI)¢4,0%5TUI4L}
FRT=FR
FTT=FT
RETURN
END

“SIAFTC MAINVR DECK
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I SRR SRR TR . ] - i
\ o * o :
‘ i
¢ MATRIX JNVERSICN WITH ACCOMPANYING SOLUTION OF LINEAR EQUATIONS 2 .
g NOVEMBER 1692 S GOOQ OAVID TAYLOR MODEL BASIN  AM NATL 2 .
c SUBROUTINE MATINVIA)NL1,8,M1,0ETERN, 1D) z
‘2" _GENERAL FORM OF DIMENSION STATEMENT :
- DIMENSION A¢13,130,8(13,1) 9
DIMENSION INDEX(13,3) 10
¢ EQUIVALENCE (IROWsJRUW) ¢ (ICOLUNyJCOLUM), (AMAX, T, SWAP) 11
12
€77 INITIALIZATION 13
L. 14
Nam} 15
. NsNl 16
00 8 [=l,N 17
. Kls=) 18
I ¥ 131 19
~ DO 6 Jel,N 20
IR(ALLyJ)) 344,33 21
3 Rin0 22
T8 TFIALIIL) 546,95 23
___3% n=o 24
3 TTTETCONTINUE 25
- . IFURLeK2) 8,8,7 26
: T 10=2 27
y _ BETERM=0,0 28
£ GO TO 740 29
e —__ 8 CONTINUE 20
. 10 DETERM=1,0 31
F __ 1500 20 Jsl,N 32
[ 20 INDEX{J43) = 0 33 .
v ... 30 0O 550 Isl,N 34
- ¢ 35 .
: '€ SEARCM FOR PIVOT ELEMENT 36 .
‘ c 37 .
i _ A0 AMAX20.0 38
o 4% 00 135 Jul,N 19
Py _ _TFUINDEX(Je3)=1) 80y 105, 60 40
A 60 00 100 K=l,N 41
ct IFCINDEX(Ky3)=1) 80, 100, 715 42
' 80 IF(AMAX=ABS(A(JoK))) 85,100,100 43
85 I1ROW=J 44
90 ICOLUMsK 45
AMAX2ABS{ALJoK)) 46
100 CONTINUE &7
105 CONTINUE 48
INDEX (ICOLUM,3) = INDEX(ICOLUMy3) +1 49
260 INDEX(I,1)=IROW 50
! 270 INDEX(1,2)=1COLUM 51
i ¢ : 52
' c INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL 51
c 54
130 IF (IROW=-ICOLUM) 140, 310, 140 5%
140 DETERM==DETZRM 56
150 D0 200 Ls1,N 57
160 SWAP=A(IROW,L) 58
170 ACIROW,L)=A(ICCLUM,L) 59
200 A(ICOLUMyL)=SWAP 60
IF(M) 310, 310, 210 61
210 €O 25G L=l, M 62
220 S%AP=B(IRCH,L) 63
-222-
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230
2%0

ano

310

330
340
330
3%
360
m

(222 % 2]

380
390
400
420
4%
450
453
460
500
550

aoo

600
610
620

630
640

_ 650
660
670
700
705
710

715

720
730

740
c

ACIROW L) eBLICOLUM,L)
BUICOLUMy L) =SWAP

DIVIDE PIVOT RCW BY PIVOT ELEMENT

pPIVvIT sA(TCOLUM, ICOLUM)
DETSRMaDETEZRAMSPIVOT

ALICOLUMS ICOLUMY=1,0

CO 350 Le}l,N
ACISOLUMy L)AL ICOLUM,L)/PIVIT
1F(M) 380, 380, 360

LD 37C LslyM
BLICOLUMyLYaB(ICILUMSL)/PLIVNT

PEOUCZ WN=PIVCT ROWS

U0 550 Li=1,N

IFLLL=120LUY) 400y 550, 400
ToA{Ll;iCOLUM)
A(L1nICOLUM)I=0,0

B0 450 LaleN

A(LL L)ALl L)=ALICOLUM,L)®T

TF(M)} 350, 550, 460

D0 500 L=l
BILLAL)2B (LY L)=B(ICOLUM,L)AT
CONTINUE

INTERCHANGE COLUMNS

00 710 Isi,N
LaNeL=]

IF (INDEX{LoLl)=INDEX(L,2)) 6308y 710,

JROWS INDEX (Ly 1)
JCOLUM= INDEX(L,2)

00 705 K=1,N
SWAP=A (K (JROW)

AlKy JROW) =A (K JCOLUM)
A(K,JCOLUM)=sSWAP
CONTINUE

CONTINUE

00 730 K = 1,N
IFCINDEX(Ky3) «1) 715,720,715
ID =2

GO TO 740

CONTINUE

CONTINUE

IN=}l

RETURN

LAST CARD OF PROGRAM
END

S$IBFTC ARCROU DNECK

c

50
51

52
53

ARCTAN ROUTINE, TANV GREATER NOR EQUAL ZERO.LESS THAN 360,

FUNCTIIN TANV(CSS.SNN)
CSaCSS

SN=SNN

IFICS) 5795954

IF(SN) 53,51452
TANV=0,0

GN 70 61

TANV=90,0

60 TO 61

TANVR2T0,0
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o e e ] : : - 1
) 8t ‘ ' ; i
h. ey - . - %
—. ... ovmosn s e 13
"84 TE(SN) 56,455,535 _ is .
___%% As0,0 _ _ R | |
8257.29%78 1§
80 T0 60 IR 1/
86 Aei60,0 ‘ % | .
— Be=87,29578 o 19
SN--SN [ 56
ec Yo 60 S 21
TRV €SneCS 22
A=180,0 23
+ 38,38 = 2%
“_.!!..l':5?929570 - — . e . 23
é8°td s0 28
. %9 8=87,29878 o 27
‘SNu=SN 25
60 TANVaASBSATANISN/CS) . _ 29
TR NETURN T - h TTTTTTTARC
o ENO e e RSO | |
si{8AaP UNIT=P '8,DECK
. ... ENTRY  +UN10. . e e e e e e
oUMi0, PZE UNIT10
] _UNET10 ‘:l_!.j sAL6) JREADY,LISTy INOUT,BCD,BLK=14
- NO T TT oTrTo ot e e
,
i
¢
£ ¥
4
;
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: TAREE LOGE B:ARINGs M=0.5 e . )
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Ce5 1.0

040 20000 100000 3000040 3

002 10 ;

0.0 0605  __ 0e1 0e15 0s2 ‘

Q2% 0.3 Ce35 Oet 0.45

10.0 1100  __ 05 .. 6060

13040 23040 Oe5 18040
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VIII; Compyter Program - The Perfu 2gbilit Hybr id
Bearing with ible, Damped Suppor ‘

Thic appendix describes the computer program PNOl44: "The Performance and
Stability of a Hybrid Journal Bearing with Flexible, Damped Support.” It gives
the detailed instructions for using the program, for preparing the input data
and a listing of the Fortran instructions is also given. The analysis for the
program is contained in Appendices V and VI. The program calculates the load
carrying capacity, the flow, the 8 dynamic coefficients and the critical journal
nass at the onset of instability. The program appliss to a purely hydrostatic,
a purely hydrodynamic or a hybrid bearing with a compressible lubricant. The
bearing is cylindrical with a single row of feeder holes in the center plane of
the bearing, and the support for the bearing has flexibility, damping and mass.

The analysis assumes that the bearing operates with s small eccentricity ratio

COMPUTER INPUT

An input data form is given in the back of this sppendix faxr quick rdcrn&c
when preparing the computer input. In the following, the more detailed instruc-
tions are given.

Table of Vena Contracta Coefficients (SE14.6)

This table conrists of 5 cards with a total of 25 values of the vena contracts
coefficient C, for the feeder hole restrictor. Cn is defined through eq.
(E-31), Appendix V. The program assumes Cfl when the feeder hole is choked,
and for unchoked conditions, CD is specified by the present input list. The
dimensionless flow through the restrictor is a function of the pressure ratio

across the restrictor:

~-231-

H
¢
!
|
!
i
i
¢
!



aoe o o w o oo

P,,

& "

where M; 1s the mass flow, lbs.sec/iach, &T is the product of the gas constaat and
the total temperature, i.nc.hz/uc2 , & is the orifice radius, inch, Ps is the
_supply pressure, psia, E’ is the pressure downstream of the orifice,psia, and k
is the ratio of specific heats (k= |4 for air).

~ s
1

The vena contracts coefficient () s the ratio between the actual flow (made
dimensionless) znd the ideal isentropic flow such that {p%< ! (in general,
0.b¢ Cp 4] ). The 25 input values of C, are taken at those pressure ratios

which result from subdividing the range (‘;&k,') A £ | into 25 equal parts.
The first value of C’ spplies to the fi'rst pressure ratio after F‘ = k‘N) s

and the last value of C,in taken at P =).
$

d 14.6

- This card contrins one item, the ratio of specific heats, k. For air, k = 1.4,

Sax O70)

Any descriptive text may be given to identify the calculation.

Card ‘8152

This card is the '"coatrol" card which describes the subsequent input data. The
card has 8 values:

1. NVL gives the number of pressure tation,P’/P., » in the designated list., The

maximum value of NVL is 25, For a purely hydrodynamic bearing, set NVL = 0 (then
¥L3 ¥ 0).
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2, ALSL gives the number of restrictor coefficieats, -‘-, s in the designated list,
The maximum value &£ RLSL is 25. For & purely hydrodynemic bearing, set NLSL=0
(vhen NLSL = 0, NVL must be zero).

I e

3. _NLB gives the number of compressibility numbers, A , in the desigrated list.
The maximum value is 25. For & purely hydrostatic besring, set NLB = 0 (then

NLV 3 0).

4. NEP gives the number of eccentricity ratios, € , in the designated list.
The maximum value is 25 (Nll’# 0).

5. _MNS gives the number of values in the list of frequency ratiss (when NLB=0,
the list contains values of the squeete gumber instesd of the frequency ratio).

The maximum value of MNS is 95 (MNS # 0).

. 6, MI., As described in Appendix E, the program calculates the pressvre in the

. gas film by numerical integration. ‘To this end, the length between the admission

- plane and the end of the bearing is subdivided iato iacrements. MI specifies
the pumber of subdivisions. MT should be large for high values -:.A and/or high
values of the squeege number & . A typical value for MT is 10 ts 15 for moderate
A or d values (say up to AT 5 and 4% 5). The maximum value for MT is

30.

. INT. If INT = 0, the bearing is rigidly supported and no input data can be
given for the three support parameters. If INT = 1, the bearing is flexibly

supported.

8. INP, If INP = 0, the prqgram returns to read in more finput after completion
of the calculetions for the present set of input data, A new set of input data
starts with the identification card (i.e. with the card (72H)). The table of
vena contracta coefficients and the card with the ratio of specific heats are

not to be repeated.
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I INP = 1, the present set of input data is the last set.

This card contains &4 values:
1. L/D, the ratio batween the total bearing length and the journal diameter,
2. A » the source correction factor. A is given by eq. (B-50), Appendix V,

or in spproximate form:
AE'H-’;% ”°1¢ (,,‘B)

where n is the number of feeder holes, d is the feeder hole diameter (not the -
orifice diameter), D is the journal dismeter and L is the total bearing length,
Typically, A = 1.3 to 1.5,

3. J » the inherent compensation factor., Even when the feeder holes are provided
with orifices, an additional flow restriction normally occurs where the gas leaves

the feeder hole and enters the bearing film:

2a
e Orifice

Feeder hels
Bearing film

Kl

Figure 631 P'ci.e'ding Hole

The orifice area is fiat where a is the orifice radius. The '"curtain'' area at
the rim of the feeder hole has the area TdC where d is the feeder hole diameter
and C is the radial bearing clearance. The ratio between the two areas is called

]
d=4c |
When there is no orifice, J = 00 and the bearing is called inherently compensated
(for the inhereatly compensated bearing, set d = 1000 or some other large value

the inherent compensation factor:

in the input), If the bearing is purely orifice restricted, set J = 0,
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4.V, /TDLC , the ratio between the conbined volums of sll faeder holes and
the volume of the gas film. Here, D is the journsl dimster, L is the total '
bearing length, C is the radial bearing clearance, a is the number 6! feeder

‘ holes and V( 1s the "capacitative" volume of one feeder hole. The effect of &
feeder hole volume is to introduce a time lag betwesn a change iz the dowu-’ .

| stream feeder hole pressure and the corresponding chssge in the flow through the
hole, see eq. (E-28), Appendix V. This time lsg tends to reduce the damping
capacity of the bearing and, in this way, adversely affects the stability mergin.
At present, there is no method to determine what this “eapacitative'" volume is,
but it is suggested to set Vc equal to the volume of the feeder hole below the
orifice, i.e. set Y, 22-421 in fig.63- where L is the length of the feeder
hole below the orifice. For an inherently compensated bearing in which there
are no orifices, V‘ may be set equal to zero. However, it mist be remembered

that V( , properly interpreted, gives a measure of the time lag between pressure
schange and flow change. If there ars other factors than the feeder hole volume
which contributes to such.a time lag, thair effect must be reflected in the .
value for \é according to eq. (E-28).

List of Sugglx Pressure Ratios ‘5314.6!

This list consists of up to five cards with values of the ratio between the
supply pressure Ps,rsia. , and the ambient pressure P‘ psia . In total, there
are NVL values (item 1, control card), maximum 25 values. In the analysis in
Appendix V, the pressure ratio is denoted by the synboi V. The ratio must be
greater than 1., If NVL = 0, the list is omitted in the input and the bearing
is purely hydrodynamic.

List of Restrictor Coefficients (5E14.6)

This list consists of up to five cards, giving the values of the restrictor

coefficient Asz
_ buna®'RT
A= P,CVitS

: where /... is the viscosity of the gas, lbs.sec/inch , & is the product of
the gas constant and the total temperature, inch'/ sect P‘ is the supply
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pressurs, pSia, Cis the radial clearance, inch, a is the number of feeder holes,
& i the orifice radius, inch, and d s the inherent compensation factor. In the
{ahereatly compensated bearing where there is no orifice, the restrictor coefficient

becomes:
Joberently Compensated Bearing: J{s = %ﬂiﬁ
| - s C
where d is the feeder hole dismeter, inch.

In the purely hydrodynsmic bearing, where NVL = 0 and, therefore, NLSL = 0, this
1iat is omitted. For NILSL % ), give a total of NLSL values of .A.‘ , maximum 25,

““ °£ %;cuibilitz Rumbers ‘581&.61

This list consists of up to five cards, giving a total of NLB values of the com-
pressibility sumber A (see item 3, control card). A is defined as:

A= fge (B
where ,n is the viscosity of the gas, lbs.uc/i.nch'
psia, W is the angular speed of the journal, radians/sec, R is the journal radius,
inch and C is the radfal clearance, inch. A maximum of 25 values can be given.

s & is the ambient pressure,

Yor the purely hydrostatic bearing, set NLB = 0 and omit this list.

&t of Eccentcicity Ratios ‘5214.62

This list consiats of up to five cards, giving a total of NEP values of the
eccentricity ratio € (see item 4, control card). € is defined as:

e=%
where € is the distance between the journal center position and the bearing center,
inch, and C is the radial clearsace, inch. € cannot be zero and the imput list
caanot be omitted., A maximum of 25 values can be given.

t of Prequency Ratios or Squeeze Numbers (5B14.6

This 1list consists of up to 19 cards, giving a total of MNS values (item 5,

-236-
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control card)., A maximum of 95 values can be gives.

In the hybrid bearing or the purely hydrodynamic bearing (NLB # 0, item 3,
contzol card), the list gives v:éues of the frequency ratio ,

where ¥V is the frequeacy fo! the journal center motion, radians/sec, and (W

is the angular speed of the roter, radians/sec. y cannot be tero. The input
values of I are used by the program in searching for the threshold of
instability. Por each value of y , the program calculates the left hand side
of aq. (D-29), Appendix IV (as modified per AppendixVl}, which represents the
overall effective damping of the gas film aad the bearing support. The thresh-
old of instability occurs at those values of ' for which the effective damping
is zero. The program uses the values of J in the same sequence as given in the
input, Thus, the input list should start with a small value of Jv (say, J -
0.0001) and thereafter, give successively larger values of y with the last value
of r?-‘ 0.51. Whenever the effective damping changes sign as the program goes
through tha: list, the program interpolatea to determine lccurately the r
values at which the damping is zero,

The very first value of , is not used in therstability calculation and, chere-
fore, can be any value. It is used as that value for which the program output
gives the 8 dynamic coefficients, Thus, it is suggested to set the first value
of y equal to 1,

For the purely hydrostatic bearing (NLB = 0), this input list gives values of

Ruv 2
¢= ?’r (&)
(%
where the symbols have been defined previously, The input 18 prepazed in the

same way a8 described above except that, whereas the range of interest for ‘
is known to be from U to 0.5, the range for ¢ is not known in advance. It is

the squeeze aumber & :

suggested to let 4 go from a small value (say 0.001) to approximately 100. It
should be noted, however, that the program is basically a hybrid beariug pregram

and it is not very efficient in calculating a purely hydrostatic bearing elthough

the answers are correct,
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1£ INT = 0 (item 7, control card), the bearing is rigidly supported and the last
input data is the preceeding lict of frequency ratios (or squeegze numbers), I1f
INT » ], the bearing {3 flexibly mounted und it is necessary to specify the support
paramsters, Schematically, the bearing and its support can be shown as:

lun‘u, hous ing, mass m

Card

This card is the ''control" card for the support parameters, It.contains 3 items:

1. NK gives the number of values of the dimensionless support stiffness in the
designated list ( & NK$25),

2, WM gives the number of values of the dimensionless bearing boundary mass in the
designated list (|6 NM £25).

3, ND gives the number of values of the dimensionless support damping in the
designated list (ND &£ 25). If ND = O, the support is undamped and no input can be
given for the support damping.

List of Suggort Stiffness Values 55214.62

This list consists of up to five cards, giving a total of NK values of the

dimensionless support stiffness:
R - C k.
* "P.LD

wheze K. is the support spring coefficient, lbs/inch, C i3 the radial bearing

clearance, inch, L is the bearing length, inch, D is the journal diameter, irch,

and P“ is the ambient pressure, p§ia . There can be a maximum of 25 values,
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List of Suggort Mass Values ‘5!16.6!

This list consists of up to five cards, giving a total of M values of the
dimensionless bearing housing mass:

m= _
falD
where m is the bearing housing mna&t lbs.lcczlinch,cu is the angular speed of

the journal, radians/sec, and the other symbols are defined abaove., There can be
& maxioum of 25 values. The mass may be zero if desired.

List of Sugggrt Dumging Values ‘5!14.62

If ND = 0, this list is omitted and the support has no damping. Otherwise, the
list consists of up to five cards, giving a total of ND values of the dimension-

B
*" uL(EP

where B; is the support damping coefficient, lbs.sec/inch, and the other symbols
are defined above. '

less support damping:

The support damping has a strong influence on the stability of a flexible
mounted bearing. Properly chosen, the damning may vastly improve the stability
limit of the beering or even remove the tendency for instability all together.
To determine which damping to provide, a whole range of damping vezlues should be
tried (say, from 10"3 to 10). At the same time, the support stiffness should

be considerably smaller than the bearing stiffness (of the order of one half

or less of the bearing stiffness).

COMPUTER' OUTPUT

The first page of output is a repetition of the input for checking purposes.
Therefore, follow the output for each case. The output values are identified

by text as follows:

-239
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L/D: the L/D-ratio ' . I

PR.RATIO: the supply pressure ratio V= P’/&
LAMBDA-S: the restrictor coefficient A, :
LAMBDA: the couprouibiiity cunint A
RCZENTIR: the nccontricityi ratio €
wacna-r: AV

Q: the dimensionless flow g= -ﬁ% wvhere ﬁ is the total mass flow to the
bearing, lbs.sec/inch, and the other symbols have been defined previouely. Thus,

knowing g s the bearings gas consumption can be determined.

M~0: the dimensionless orifice flow mg= $/A$V' which is given by the right
hand side of eq.(E-31), Appendix V.

PSI: 'V.’ the dimensionless rate of change of flow with changing downstream pressure
(defined by aq. (E-60), Appendix V).

ORIF¥. PR. RATIO: the pressure ratio ﬁ/ P across the feeder hole ( P is the

pressure downstream of the feeder hole).

W/PALD: W/PaLD, the dinensiot;l;al bearing loadA where W 1s the bearing load, ;bs.
W/DPLD: W/(P -F, )LD

ATT. ANG: the attitude' angle ¢ , degrees.

FB /PALD: f,..- F"/P“Lb , the dimensionless radial component of the beirihg
reaction, eq. (B-119), Appandix V.
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FT/PALD: f..- F‘“/ B.LD , the dimensionless tangential component of the. bearing
reaction, eq. (E-120), Appendix V.

CKXX/PALD: lz,-ck"/&(_b » the dimensionless radial spring coefficient,
eq. (R-131), Appendix V,

CWCXX/PALD: E.,- Co B"/&LD » the dimeasionless radial damping, eq. (E-131),
Appendix V, . :

CKXY/PALD: K. -CK"/ LD » the dimensionless radial cross-coupling spring
coafficient, eq. (E-131), Appendix V,

m#m: B” - C“‘B"/B._LD s tne dimensionless radial crou-cﬁuplins
damping, eq. (E-131) Appendix V.

CKYX/PALD: k,, - CK"/&LD » the dimensionless tangential cross-coupling
spring qoefficient:.

CWCYX/PALD: E;, = C“'B"/P“LD s the dimensionless tangential spring coeffic-

ient,
CWCYY/PALD: Bﬂ - C“'B"/&LD , the dimensionless tangential danping.

EFF, STIFF-1: the major dimensionless,effective stiffness Ka (eq. (D-24),
Aopendix IV,with plus in front of the square root instead of minus.

EFF, Si1FF-2: the minor dimensionless,effective stiffness K', eq. (D-24),
Appendix 1V,

EFF, DAMP-1: the major dimensionless, effective damping ,8' (eq. (D-25),
Appendix IV, with plus in front of the square root instead of minus.

EFF. DAMP-2: the minor dimensionless, effective damping ,B, . eq.(D-25)
Appendix IV,
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nEQ/w; '33 » the frequency.ratio.

@scu02: My's 0?”5.* Eﬁ.)/(ﬁ, +(H:),i,) ”,.uc cq (;;23), App;;dix
™. A

QM2 /PALD: M=¢ Mco‘/ P.LD, the dimensionless journal mass.
Q62 /DPLD: c”ﬂ‘/(%‘&) LD , dimensionless axpression for the journai mass,
MPAMU2L(R/C) 52 MP., //." L (%)r , dimensionless expression for the journal mass.

ERROR: the left hand side of eq. (D-29), Appendix IV.

PROEST.  STIFFN.: k.’ CKO/?‘ LD » the dimensionless support stiffness,
I 3 ,
PRDEST. DAMPING: B. = Bo/ /4 L (‘é) , the dimensionless support damping.

EFY, STIFFNESS: the minor dimensionless, effective stiffness 'kg » eq. (D-24),
Appenaix IV, :

RFY. DAMPING: the negative of the minor dimsnsionless, effective damping yss
eq. (D-25), Appendix IV. '

In each combination of Lb ) V ) 'AS/-A', €, there is a separate output which begins
by specifying the appropriste values of '% ,\fjﬁ; ,_A and £ , and then gives the
corresponding bearing flow, the load carrying capacity, the attitude angle, the

8 dynamie coefficients and the four effectlve coefficients as identified by the
labels explained above. The dynamic and the effective coefficients are calculated
for the first frequency ratio given in the input data, Thereafter, follow the
result of the stability calculation for a rigid support where eqs. (D-28) and
(D-29) ( (8*%GAM)2 and EPROR) are listed for the specified values of the frequency
ratio. The threshold of instability occurs when the "error" 1is zero and the
program determines this by interpolation. For the threshold value of the frequency
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ratio, the dimensionless journal mass is given in three diffarent forms,
identified by the labels explained above.-
When the bearing is flexibly supported, the preceeding results are followed by
the calculations of the stability of the flexibly supported bearing. First, the
dimensionless support stiffness is given together with the corresponding thresh-
vld value of the dimensionless journal mass for an undamped support. There-
after, for each specified value of the dimensionless support damping is & 6
column list with the results of the calculations. The first column gives the
frequeancy ratio x ) the second column gives ﬁ I", the third column gives the
dimensionless minor effective bearing stiffness, the fourth column gives the
dimensionless minor effective bearing damping and the sixth column gives the
"ERROR”., When an instability threshold is found, the corresponding dimension-
less journal mass is given in three differert forws in columns 3, 4, and 5.

For any given support damping, there may be up to three instabiiity thresholds.
At & threshold, the “error’ must be very small (in theory it should be zero).
This condition should be used to "weed out" a false root which frequeantly occurs.
At such ¢ false root, Ff ,1 goes to plus-minus infinity on either sids of the
frequency ratio value and the corresponding dimensicnless "journal mass will

tend to be very large (in :theory, it is infinite). The sclution should be
ignored. 1t should be noted, however, that there are proper solutions where

the dimensionless journal mass also is very large which must not be ignored.

S CALCULATION

In back of th# Appendix is shown the inpdt for calculating the stability of a
flexible supported bearing (L/D = 1,€ = 0.02, A, = 0.7, A= 1.5, § = 1000,

4 values of ?‘/P‘ , 7 values of -A, 3 values of support stiffness and 15
values of support damping). Also shown are the first couple of pages of
output., The results are most conveniently plotted on logarithmic paper with
the support damping as abcissa and the dimensionless journal mass as ordinate
for fixed values of the supply pressure ratio and the support stiffness. Ths
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compressibility number {s used as a paramete

Sprove the stability limit of ths bearing.
" the body of the report.

-244-

r. A typical plot is shown in figure
27. IFrom such a plot it can be determined what support damping to provide to. -

A more detailed discussion is given in
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INPUT FORM FOR COMPUTER PROGRAM ,
PNO144; THE PERFORMANCE AND STABILITY OF A HYBRID JOURNAL

BEARING WITH FLEXIBLE, DAMPED SUPPORT

Table of Vena Contracta Coefficients (SE14.6)

Give 25 values of the orifice vena contracta coefficient C,

Card (5E14,6)

k, the ratio of specific heats -

Card (72H)
Text

Card (815)

1. NVL Number of e’/P._ -values in input (NVL £ 25). 1f NVL = 0,
the bearing is purely hydrodynemic (NLB¥ 0).

2. NISL Number of A - values in fnput (NLSL £ 25). When NLSL = 0,
NVL must be zero,

3. NLB Number of J‘--values 4in finput (NLB £25), 1f NLB = 0, the bear-
ing is purely hydrostatic (NVL# 0).

4., NEP Number of & -values in input (NEP 25).

5. MNS If NLBF 0, MNS gives number of 3 -values in input., If NLB =
0, MNS gives number of & -values in input (MNS £ 95).

6. MT Number of finite difference in:crements (MT < 30).
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7. I 0: Beariag support is rigid. 1: Bearing support is flexible.
8. I 0: ilorc :I.npuf foilovo. 1: 'Lut. set of 1npu;.
14,6
1. L/D, the length-to-diameter ratio,
2. ,\ » the source correction faccor (see eq. (B-50), AppendixV) .
3. § = ‘:/JC , the inherent compensation factor.

&, h ‘/ﬂ"bLC » the feeder hold volume ratio.

List of Supply Pressure Ratios (5E14.6)
Give NVL values of V= Ps/p. . omit the 1ist when HVL = 0.
st of Restrictor Coefficients (5E14,6
Give NLSL values of -Ag . Omit the list when NVL = 0 (and, h?nce, NLSL = 0),

List of Compressibility Numbers (5E14,.6)

Give NLB values of .A. . Omit the 1list when NLB = 0,

List of Eccentricity Ratios (5E14.6)

Give NEP values of £ (€%0)

[ist of Frequancy Rutios or Squeeze Numbers

1f NL8 $0 (hybrid or hydrodynamic bearing), give MNS values of the frequency
ratio Z .
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1f NLB = 0 (hydrostatic bearing), give MNS values of the squeese number ¢ .

Note: If INT = 0, omit the Zoliowing input data,

. Card (815)
1. NK Number of support stiffness values in input (1 € NK 4 25)
2. Nu Number of support mass values in input (1 & NM € 25)
3. N Number of support damping values in input (ND £ 25)

List of Support Stiffness Values (5E14.6)

Give NK values of the dimensiunless- support stiffness. i
) List of Support Mass Values (S5E14.6)
‘ Give NM values of the dimensionless support mass (may be zero).

List of Support Damping Values (5E14.6 )

Give ND values of the dimensionless support damping., Omit the list when KD = 0.
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< MECHANIZAL TICHNOLOGY INCe JORGEN We iLUND 6-22-1966

¢ PNC186 ~AYBRID JJURNAL BEARING STABILITY wiTtH FLEX-DAMPED SUPPQRT

IIMENSION TSIV GTFEIILIoVFRIILISVFEI3L11EPS_(25)19FRRI31DI$FIR(3IL)
DIMENSION “JEi13114VIF{26)e8S1G(2%5)
DIMENSION FFID3)eEF (951 42DKL{25)9P0L125)ePOMLIZS)
JIMENSION VLST(99)oFLSLII9 o7 LBLIG9) » G3T(9G;eP22¢
199) +PINL99)

Y1%J40

READIS+301)IVCE(1)0In2426)
REAC(95+301)ADC
VCF(l1=1,0

WRITE(6+310)
WRITE(6+810)(VCF(1) 0122026}
WRITE(6H+315)

13 READ(5+300)
READ(59302)INVLINLSL oNLBsNEP s MNS sMT o INT s INP
READ(S¢3C1)FLD+PRCCMPoFDVL
WRITE(6+300)

WRITE(65+303)
WRITE(6+304)NVLsNLSLoNLB oNEP ¢MNSoMT o INP
WRITE(6+309)

WRITE(6+810) PRC +CMP s FDVL sADC
JFINVL) 15414915

14 VLST(1)s2.,0
FLSL{1)=060
GO T0 20

195 WRITE(6+305)
READ(5+301)(VLSTI!)s(=1sNVL)
WRITE(6+810)(VLST(I)eI=14NVL)
WRITE(6+306)
READ(5+301)(FLSLI{1)»T=]1eNLSL)
WRITE(O+810)(FLSLII)sI=]1oNLSL?
iF (NLB) 20919420

19 FLBL(1)=]l40
G0 10 22

20 WRITE(64+307)
READ(5¢301)(FLBL{I)cI=1sNLB)
WRITE(6+810)IFLBLII)s1I=1oNLB)

22 WRITE(643106) -
READ{(5+301)(EPSL(1)el=1sNEP)
WRITEL6+810)IEPSLIT)s]aleNEP)
WRITE(64+308)
READ(5+301)(BSIG(I)eI3]lsMNS)
WRITE(S:810)(BSIGII)eI=]1sMNS)
IFUINT) 24429524

26 READ(5+302)NKsNMsND
REAG(59301)(PDKLIT) o131 9NK?
READ(5+301)(PDML(1)sl=]eNM)

IFIND) 29229+27

27 READ(S+301)(PDL{I)s1=14ND)

29 EX622,0/7(ADC+1.0)

EX13140/7(ADC~140)
EX7=(EXLH®EX]1}#SQART (EX6#ADC)
EXen2.0%EX]

EX1=ADC®EX])

CRPsEX68*EX]

C1=SQRT (2+.0%*EX]1)
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. IXoRIeT/TXS
TX'=led/al(C
~IT=(1e =CRP)1/504C
CX=CRP
DO 51 I=21450
CX=CX+DIT
ChuCx#REX]
5] OST(1)=Cl#C5#SQRT (1.0~CX/C5)
Cl31e0+CMPRCMP
CMP=0¢5/C1
C1aMT
OLT=FLD/C1
DL2=DLT#DLT
DL2M=0e5%0L 2
SFACT=*145707963/C1
MT1=MT+]
DO 285 NV=1,.NVL
VaVLST (NV)
VMWaV<~1,0
V2sv#y
DO 284 NLS=1sNLSL
FLAS=FLSLINLS)
FLAT=FLAS#V
C1=sFLAT#V#FLD#PRC
CX=SQRT (160+C1#EXT)/V
IF (CRP=CX) 152+1514151
151 Q=FLAT#V#EXT
SLP=0.0 3
. PZsveCX L
VC=1e0 ;
DVC=040 i
. GO TO 200 ‘
152 C2=V#CRP ] ;
C2%C2#C2-140-C1#EXT 1
C4sDIT+DIT R
CX=CRP+C4 1
KS=0 H
L=2
M2
154 VC=VCF (M)
155 C52CX#CX#V2=1.0-C1#VCHQST(L)
IF (KS) 16151585161
158 C62C5%C2
IF (C6) 16091604159
159 LaL+2
MaM+1]
c2=C5
CX=2CX+Ch
IF (L=50} 15601544284
160 KS=1
C73C5
Lat=1
C52VCF (M=1)
DVC=(VC -C5)/Ca
VC2(VC+C5)/240
CXaCX-DIT
GO TO 155
161 Cl=C4Cs
. C132.0%(C24C7=2.0%C5)/C1
C3=(C7-C21/C4
IF (C1) 16391629163

TR TRy

TR

-

e
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162 C62-C5/CA
GO 10 166 .
167 Ca=Co5%C3/C
C6250RT (Ca%Ca~C5/C1)
: ' IF (CL) 16441655165 -
/ L i 164 C62=C4
: 165 C62C6-C6
Sl 166 CX=CX+Ch
e 167 P2Z=vsCX
Q=(P2#P2~140)/FLD/PRC
S VC2VC+C6#DVC
: : C4aVCHFLAT*Y
Cu=Q/Ca
L C52-DVC/VC:
C o CH2CXNBEX]
- ‘ SLLINVC/240#FLAT/PZR(CH%#CHH+EXLHCE/CL* (EXL=CH/CX )
LR 200 PZSQ=x1.0+Q#*FLD
W, T ; P5C2PZ
- : PZ=SQRT(P25Q)
C4=SLI#FLD*PRC
o Cuz (PRC+C4)/(1.0+Ch)
[ FOV1=C4#*FDVL/PSC*FLD*DLT
T SLP=Ca#SL 1
- BCZa(CMP#Q=-SLP#*PZSQ)I*D1 T
BCZ1=DLT#SLP
IFINVL) 19241914192
191 FLW2=04.0
SP221.57907963
GO TO 193
192 FLW2=Q/(FLAT*V) )
e SPZ=(P250%PZ~140)/FLD*1.0671976/G

i
i
|
!

&
™
P
!
b

= 193 P22(1)1:=P25Q

[T Cl=140+Q%FLD

7. C2=Q#0LT

i PIN{1)=P2

e ' DO 201 1=2.MT1
Cl=C1=-C2
Pz2(11=Cl

201 PZNt11=SQRT (C1)
DO 283 NL=1.NLB
FLA=FLBLINL)

[F (NLB) 198+1974+198

197 FLA=D40
FLX=1e0
GO T0 199

198 FLX=2+0%*FLA
FLAZ2=FLA®FLA

199 FLFZ=FLA/PZ
PR=~DL2H*PZSQ
PE=060
RR=0DL2MH
RE=DL2Z2H*FLFZ
TFR(1)=040C
TFE(1)=0.0
VFR({1)=1.C
VFE(11=040
Cl1=060
C2=040
C3=0e5/P2
Cu=C40
DO 205 1=2+4T71
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202

203

204

208

206

226
227

228
229

230

TFR([)=TFR(1=-1)+PR+8BC2Z
TFE(L)=TFE(]~1)+PE
VFR{1)1avFR(1-1}+RR+BC21
VFE(])=VFE(]=-1)}+RE

C5=2PZN( 1)

IF (1=MT1) 2032024202
C5=%2,0%C5

Cé621e0=-TFRI(I)

C7=TFE(])

C8=sVFRI(])

C9=VFE(1)

GO TO 204

C6=FLA/CS
PR=PR+DL2*#(TFR(I1)~C62TFE(])~C5#(5)
PExPE+DL2#(TFE(I)+CH6#TFR(I))
RRaRR+DL2®(VFR(])=-CH6*VFE(I))
RE=2RE+DL2*#(VFE(]1)+CH#VFR(1))
ClsCl+TFR(I)/CS
C2=C2+TFE(]1)/CS
C3sC3+VFR(1)/C5
C4aC4+VFE(1)/C5
C5=C8%#CB+LCI#(CY
HZR=(C6#CB-CT#CI) /(5
H2ZE=(-C6#CI9~CTHCB)/CS
SFZReSFACT#(CL1+C3#HZR~C4H4*HZE)
SFZEaSFACT®#(C2+C3#HZE+C4#HZR)
DO 206 I=14MT1
TFR(I)=(TFR(I)+HZR*#VFR(I)=HZE®VFE(]1))/PZINI(])
TFE(I)=(TFE(T)+HZE®VFR(I)+HZR*®VFE{I))/PZN(1)
FRSW=SPZ=SFZR

FTSW==SFZE

DO 282 NE=]sNEP

EPSaEPSLINE)

MC=MNS

GAM=Q,40

EP2sEPSH*EPS

ET=1,0-EP2

C1=SQRT (ET)

C2=1+0+C1

El=22."°22

E2=E1~C7C

E3=El1/C1

E4=E3®EPS

ES=E4REPS/C2
E6%240/(C1*ET)~E3
E7T=E4*EPS/ET+ES/C]
FRSaE4L#FRSW

FTS=E2#FTSW

WPLD=2SQRT (FRS*FRS+FTS*FTS)
WOPLD=WPLD/VMW

IF (FRS) 23092264230

IF (FTS) 22742284229
ANGZ=2=-90,0

GO 10 232

ANGZ=20,0

GO T0 232

ANGZ=290.0

GO T0 232

ANGZ=FTS/FRS
ANGZ=5T74295780%ATAN (ANGZ)
IF (FRS) 231,232+232
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231
232

550
250

251
252

ANG2Z=ANGZ+180.0
WRITEi69311)
WRITE(69810)FLDsVeFLASIFLAWEPS
WRITEL69312)
WRITE(G6+sBLl0IFLATsQsFLWZeSLPsCX
WRITE(6+313)
WRITE(6+81CIWPLDsWDPLDIANGZsFRSFTS
FRS=FRS/EPS
FTS=FTS/EPS
MS=2

KC=0

LC=0

KK=0

DO 281 NS=1yMNS
SIG=BSIGINS)
S1G2=51G#S1G6
IFINS=2) 25045504250
WRITE(6+318)
KS5=0
S$1G2=S1G#*SIG
AS=8CZ
FOV2=FLX®#SIG#*FDV]
AS51=rDV2#PZ2SQ
BS=1e0

DO 251 I=1,MT1
FRR(1)==p22(1])
FUR(1)=0.0
FJE(11=040
PR=DLZH®*FRR (1)
PE=0.0
QR:DL2H®FJRI(1)
QE=DL2H*FJUE( 1)
RR=DL2H
RE=OL2H®*FILFZ
SR=DLZH#*FLX/PZ#S1G6
SE=0.L0

TR=040

TE=0.0

UR=0.,0

UE=0.0

VE=z060

WR2040

WE=0e0

VR=1.,0

Cl=Ce0

C2x0.0

€3=0.0

C4=040

C6=0.0

C7=060

C8=0.0
C5=0e5/P2

DO 256 I=2.MT1
TR=TR+PR+AS
TExTE+PE
UR~UR+QR=A31
JE=UE+QE
VR2VR+RR+BC21
VE=VE+RE
WRzWR+SR+FDV2
WE=WE+SE
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253
254

255

256

401

4C2

257

258

259

Al=PZNIL( )

IF (1=MT1) 2%6+2534253

Al=z2,0

GO 10 255

A2=FLA/A]

A3sFLX/AL*S1G
PRaPR+DL2#(TR=-A2#TE-A3#UR+FRR( 1))
PEsPE+DL2*(TE+A2#TR=-A3*UE)
QR=QR+DL2* (UR=A2#UE+AZ*TR+FUR(I1))
QE=QE+DL2* (UE+A2#UR+AIRTE+FJE(]))
RR2RR+NDL2#({VR-A2%#VE-A3I#WR)
REzRE+DL2* (VE+A2#VR=-AI*WE )
SR=SR+DL2*# (WR=-A2#WE+A3#VR)
SEaSE+DL2# (WE+A2#WR+AI#VE)
Cl=C1l+TR/Al

C2=C2+7E/AlL

C3=C34UR/AL

C4=Ch+UE/AL

C5=C5+VR/AL

C6=Chb+VE/AL

C7sCT+wWR/AL

CB8=C8+wWE/Al

TR=BS~TR
Al=TR¥VR+TE#VE-UR*WR+UE#wT
A2=TREVE-TE#VR~UR*WE=-UE *WR
A3=-TR*WR~-TE#*WE-UR®VR+UE*VE
AYG=-TR*WE+TE#WR-UR#VE~UE®VR
AScVR#VR=VE*VE+WR*WR-WE*WE
AbGz2+0# (VREVE+WR#WE)
AT=AS*AS+AGRAS
HZR=(A1%AS+A2#A6) /A7
HZE=(A2#A5-A1%AE /A7
HZJUR=(A3RAS+AL#®AL) /AT
HZJE=2(A4LRAS~AIRAL) /AT

IFUINP) 40144024402
WRITE(69810)A19A29A39A49A5
WRITE(9+810)1A69ATsHZRIHZE YHZUR
G2RR=SFACT*(Cl1+HZR#(CS5~HZE#CH~HZIR*CT+HZIEXCSB)
G2RE=SFACT#(C2+HZR#COH+HIEHCS~-MHZIR*®CB=~-HIJIEXCT)
G2JUR=SFACT#(C3+HZR#CT~HZE#CB+HZIR#(S5=HZJERC "
G2 1 TESFACTR(CH+HZF s S+HZE*CT+HZURRCOE+HZIIE*C )
IF (KS) 25992574259

G1RR=G2RR

G1RE=G2RE

G1JR=G2UR

GlJE=G2JE

rS=1

AS=0.0

AS1=0.0

BS=0.,0

Al=SIGRFLX

DO 258 I=14MT1

FRR(I)=0.0

FJR(I)=AL#TFE(])

FJE(1)==A1%TFR(1)

GO TO 252
CRR=E6#SPZ2-ET*SFZR-E3#G1IRR
CRJ=-E3#G1UR

DRRa~E3#G2RR+FTS

DRJ=~-E3#G2JR

CTR==E5#SFZE-E1#GIRE
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183
189

190

510

512

513

S14

511
194

195

CTJUs-E19GlUE
DTR=-E1#G2RE=-FRS
DTJe=E1#G2JE
Al={CRR+DTR) /2.0
A2aCRJ-DTY

A3=0458A2
A4sDRR#CTU+CTR*DRY
ASsDRIRCTI-CRI*DTI-DRR*#CTR
C3x(A1#A1~-A32A3+4A5) /2.0
Can(ALl#(CRU+DTI)I=AL) /2.0
CunC3#C3+CL2CH

C4=SQRT (C&)

FFC==C3+C4

FFCaSQRT (FFC)~-A3
C3=sCRJ+FFC

C4sFFC~DTJ

C5=C3+Co :
EFC=(CRR#*C4~DTR#C3+A4) /C5
IFILC) 71941889719

3

IF(KC) 190+1894+190 - -, -
FFINS)=FFC .
EFINS)=EFC

WRT= (A4-CRR#DTJU-DTR#CRJ) /A2
Ca=wRT

FEJL=(CRR=-WRT)®*(DTR+WRT)+AS
IFINS=1) 51095104511
CTR=={TR

CTu=m=CTJ

DOTR==DTR

DTJ==CTY

WRITE(6+321)
WRITE(6+810)CRRICRJIIDRRIDRY
WRITE(6+322)
WRITE(6+810)1CTRsCTJIsDTRHIOTY
C3=A3#A3~-FEJL

IF(C3) 512+513+513
Cl==140

C2=-140

C3==1e0

C4==140

GO TO 5146

CassukfiCs)

Cu4=A34C3

C5=A3~C3

C3=2.0%C3
C3=(Al#(CRU~-DTJII~-AG) /3
C2={CRR+DTR) /2.0
Cl1=C2+4C3

C2=C2-C3

WRITE(6+323)
WRITE(648103C1+C24C44C5
GO T0O 281

iF (NLB) 195491944195
WRT1=WRT

WRT2+WRT/VMW
WRT3=WRT/SIG2#288.,0

GO TO 196

WRT1=2WRT

WRT=2WRT1/S1G2
WRT2=WRT/VMW
WRT3=zWRT/FLA2#%#72.0
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196
521
520
522
260
261

262

571
263

264

255

266

269
270
271

273

IFIKK) 52005219520

WRITE(69804)S51CeWRT1ercuL

GO T0 522

WRITE(69803)1SIGIWRT1sWRTIWRT29sWRT3$FEJL

KK=0

IF IKC) 27342609254

IFINS=2) 26242624261

Cl=YI#*FEJUL

IF (Cl) 26342734262

Yi=FEJL T
X1=S1G6 -
W1=WRT .
MS=MS+1 P
IF(MNS=-MS) 571+281,+281 -
IFUINT) 6995282+699

Y3=FEJL T
W3=WRT =
X32516 Ik
KC'I -y
051GsX3~X1
S16=51G~045#DSIG
GO TO 250
Y2=FEJL

W2=WRT U
X2=516
C3=X3=-x2
CasX2-X1
C5=X3-X1 :
Cé=(Y3~Y2)/C5
C6=C6/C3
C7=(Y1=-Y2)/CS ~
C7=C7/Ca

C5=Co6+4C7 C—
CLxClL®Co6-CI%CT

D6=(W3-W2)/C5

D6=D6/C3

D7=(W1l-W2)/C5

D71=D7/Ch

Al=D6+D7

A2=C4nD6=~C3#D7

A3=w2

IF(CS5) 26642654266 _—
C3=-Y2/C4

GO TO 271

CamC4/C5%065

C5=C4nCu=-Y2/C5

C5=353QRT(L5)

IFIC4) 2699270270

C5=~C5 L
C3=~-C4+CH

SIG =X2+C3
WRT=(A1#C3+A2)%#C3+A3
KC==1
WRITE(6+810)SIGsWRT
KK=1

GO TO 250

KC=0 "
FFC1=FFC D
EFC1=EFC

FKAP=C4

GAM=S1G
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290

699
700

703

704
701

705
698

706
707
702

718

719

502

501

503
524

GAM2%S16G2

MCaNS

IFUINT) 2902824699
Yi=sY3

wlsw3

X1sX3

GO TO 281

IK=1

PDK=PDKL (1K)
POKQ=PDK*#PDK
IF(GAM) 703,704,703
Cl=FKAP+POK
C1=FKAP/C1#PDK/GAM2
WRITE(6+811)PDK,C1
IMa]

POM=POML ( IM)
PDM1=1,0+PDM
POM22PDM1#PDM1
1F(PDM) 705,706»705
IF(GAM) 698,706+698
C13(PDK+FKAP®PDM] ) /PDM#0 .5
C2=PDK/PDMREXAP
C3=C1%C1-C2

C3%SQRT (C3)

C2=( C1-C3)/GAM2
Ci=t! CitC33/GAM2
WRITE(6+814)
WRITE(6+802)PDMsPDK +C1+C2
IFIND) 76157414707
1D=1

PDP1=PDL(1D)
PDP=PDP1/12.0#FLA
PDPQaPDP#PDP
WRITE(6+812)PDP1
WRITE(6+314)

NC=2

JC=0

LC=1

FFC=FF (NC)

EFC=EF (NC)
X2BSIG(NC)

C2=x#X

C1=C2#PDPQ

Cu=PDPaYX
$32C4=PDMI*FFC

S35 (C4#EFC~PDK*FFC)/S3
C3=PDK-PDM1453
C32C3%C3+C1
ERR3=FFC-C4#53/C3#53
IF(NLB) 501,502,591
RT1253

RT2%S3/VMW
RT3=53/C2 #288.0
GO TO 503

RT1253/C2
RT2=RT1/VMW
RT3zRT1/FLA2#72.0
IF(KK) 5235264523
WRITE(6+804)X+53,ERR3
WRITEL69805)EFCoFFC
GO TO 525
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- 525
- 720

L 728
L. 729

. 730

731

733

- . 736
: 735

760

761

762

763
764
165

740

o

741
742

281
282

WRITE(64803)X9S3sRT14sRT2+RT34ERR3
WRITE(6+8051EFCsFFC
KK=0

IFLJC) 76047284720
JC=0

GO TO 733

IFINC=2) 72947294730
X3=x

Y3=2ERR3

NC=NC+1

GO TO 718

X1=x3

X3=x

Y1=Y3

Y3=ERR3

C3a=v14Y3

IF1C3) 73197205733
JCa=1

X=(X14X31/240

S1G=X

G0 TO 250

NCaNC+1

IF(MC~NC) T40+734,718
IF(GAM) 735,718,735
X=GAM

FFCxFFC1

EFC=EFC1

GO TO 719

X2=x

Y2=ERR3

C3=x3~-X2

Co=x2-X1

CS=Xx3-X1
Co=(Y3-Y2)/C5
C6=CH/C3
C7=(Y1=Y2)/C5
C7=C7/Ch

C5=C6+C7
C4=C4RC6-CI#CT
IF(C5) 762+7615762
C3=-Y2/C4

GO TO 765
C4=C4/C5%045
C52C4®C4=Y2/CS
C52SQRT (C5)

IF(C4) T63+764+764
C5==C5

C3==C4+C5

X=X2+C3

S1G=X

JC=1

KK=1

GO TO 250

10=1D+1

IF(ND=1D) 74197025702
M= IM+1

1F (NM=IM) 742,701,701
IK=1K+1

IF(NK=1K) 2B81+700,700
CONTINUE

CONTINUE
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283 CONTINUE
284 CONTINUE
285 CONTINUE
IFLINP) 508,18,508
18 WRITE(6+315)
GO 70 13
508 STOP
300 FORMAT(72H1

3C1 FORMAT(5EY446)

302 FORMAT(815])

303 FORMAT(6HO NOoV7XSHNeL=SEXSHNLAMEX4HNCEPTXSHN.SIGEX4HDIVSBX3HINP)

304 FORMATULIXIGsTXIbGsTXIG»TXIGsTXI4TX 14 TX14)

305 FORMAT({16HOPRESSURE RATIOS)

306 FORMAT(14HOLAMBDA~S LIST)

307 FORMAT(12HOLAMBDA LIST)

308 FORMAT(26HOLIST OF FREQUENCY RATIOS)

309 FORMAT{13H0 ORWRASFCTSXBHINH ¢ COMPEXBHFEED « VOL4K11HSPJHELRATIO}

310 FORMAT ({28HOVENA CONTRACTA COEFFICIENTS)

311 FORMAT(1H15X3HL/DIXBHPRRATIO6XBHLAMBDA-STX6HLAMBDATXBHECCENTR,)

312 FORMAT(12HO LAMBDA=T9X1HQ12X3HM=011X3HPSI6X13HORIF«PR.RATIO)

313 FORMAT(1HO4X6HW/PALDBXE6HW/OPLDTXTHATT«ANGTXTHFR/PALDTXTHFT/PALD)

314 FORMAT(11HO FREQ/WTXBH(S*CAM)25XIHCMW2 /PALDSXIHCMWZ /DPLD3 X14HMP
1A/MULIR/C)S54X5HERROR/ 29X 1 3HEFF o STIFFNESS2X11HEFF . DAMPING)

315 FORMAT{1H1)

316 FORMAT(20HOECCENTRICITY RATIOS)

318 FORMAT(11HO FREQ/WTXBH(S*GAM) 25X9HCMW2/PALDSXIHCHMW2 /DPLD3IX14HMP
1A/MU2L(R/C)54X5SHERROR)

321 FORMAT(55H0 CKXX/PALD CWCXX/PALD CKXY/PALD CWCXY/PALD)

322 FORMAT(55H0 CKYX/PALD CWCYX/PALD CKYY/PALD CWCYY/PALD)

323 FORMAT(55H0 EFF«STIFF=-1 EFFeSTIFF~2 EFF +DAMP-1 EFF«DAMP~2)

802 FORMAT(4(1PEL1SeT))

803 FCRMAT{(6(1PE1446))

804 FORMAT(1PE1446+11PE14e6942X1PELG6)

805 FORMAT(28X1PE14e691PEL1LeS)

810 FORMATIS5(1PEY446))

811 FORMAT(/16HOPEDESTeSTIFFMe=y1PEL13+6914H MCW®R2/PALD=31PEL1346)

812 FORMAT(/20HC PEDESTAL DAMPING=1PE1346)

814 FORMAT(/14H0 PEDESTeMASSS5XIHPED«STIFF6XIHMASS RTe16X9HMASS RT.2)

END
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HYBRID-HYCROSTATIC RING BEARING , PS/PA=1,25 , T-7-1967

NO.V NeL=S NeLAM NL.EP N.SIG DIvs INP
1 1 7 1 33 15 0
OR.RALFCT INH.COMP FEED.VOL SP.HELRATIO

1.500000€ 0 1.00007°0E 03 0, 1.407000€ 9C

PRESSURE RATIOS
1.25GCC0E 0oC

LAMBCA-S LIST
7.000COCE-OL

LAPBDA LIST
3.000CCIE-01 1.00000CE 0O 2.000000E 0D 5.000C00E 20 1.000000E 01
3.0C0C0CE 01 1.000000& 02

ECCENTRICITY RATIOS
2.CC0C00E-C2

LIST CF FREQUENCY RATIOS
1.000CCCE G2 1.,0000006~05 5.000000€-05 10.0GCU00E-05 $.000000€~04
10.0C00NCE~-U4 3.000000E~03 6.000000€-03 10.000000E-C3 3.000000E-02
6.000GOCE-C2 1.0MQJ00E-01 1.500000E-Ul 2.06CO000E~H1 2.5CN0COE=-C1
3.0000GCE-91 3.5C0000E-01 4.,000000E-01 4.200uUG9€~0l 4.400000E-C1
4.600000€-71 4,800000E-01 4.850000E-01 4.S3000%€~01 4.920000€-01
4.940C0ONE-Q01 4.960000€E~01 4.970092E-01 4.980000E~C1 4.990000E~01
5.00000CE~-C1 5.010000€E~01 5,100000E-01
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G - g IBJCB VERSICN 5 HAS CONTROL.
; . $18J08 MTI .
$IBLOR MTI 11721766 MT1 2000 .
: VENA CCNTRACTA COEFFICIENTS
| ¥ 9.98500NE~01 9.9550M0€-01 9.915090E-01 9.871000E~01 9.824000€-01 «
: 9, 776030€=01 9.726700E-01 9.675000E~01 9.,623000E=01 9.5T0000E~01
) f 9.5160CNE~-T1 9.460000€-01 9.402C00E~01 9.341L00E-OL 9.276000E-01
G 9.206CJCE-01 9,130070E~01 9.0460CUE-01 8,950000E-01 B8.836000€-01
. % 84690C00NE~U] B.477I00E~C1 8.1050006~01 7.360000E=01 6.C00000E~C1L
s
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L/t
1.000C00E Co

LAMEDA-T
8.,75000%E-01

W/PALD
2.022866E-02

CKXX/PALD
8.666243E-G2

CXYX/PALL

-6.788333E-02

EFF.STIFF-1
1.0€350R€-01

FREC/¥
1.00060%E-05
5.0000CNE-QS

10.0C0CO"E-NS
5.C000N0E~Ca
10.0CICACE-Co
3.0C00C"E-C3
6.0COCACE=23
10.0CCCNACE=-2C)
3.0006CCIE-C2
6.000CN"E=-"2
1.0007C E-C
1.500CCCE-Q1
2.CC0CCNE-NL
2.5C0CQ0E-%1
3.020CI"E-G]
3.5C00CCCE-C]
4.C00CNCE- 1
4.200C¢02€~C1
4.420CC7E-N
4.6COCS2E-"1
4.8C003%E~-"1
4.B85CCCTE-CL
%«9CIC"F=ul
4.920CNE=yl
4.940020E=)
4.960CCGE-L
4.9T0CYNE-LL
44989CQCE-J1
4.990CI"E-C1
5.0C3CCIE-T1L
4.995CINE-C1
5.00CCJ%E-T1
5.0C0007E=I1

PEDEST STIFFN,= 5.7037 J0E-C2

PRRATID
1.253070€ €9

q
2.762114E-01

W/ CPLL
8.0916445€-03

CWCXX/PALD
1.377865E-01

CWCYX/PALD
1,350326E-02

EFFSTIFF=2
T7.292743€E-02

(SeGaM) 2
5.621607E~)2
6.6214CTE-N2
6.621407E-D2
6.621437E-02
6.621478E-02
6.621416E-12
6.62145TE=02
6,621547E-02
6,622655€E-02
646264611E-072
6.63531CE-C2
6.652693E~12
5.6TTI20E-N2
6.,778286E-02
6,7466478E~Q2
6.791589E~)2
6.843601E-C2
5.,866333E~72
6.890169E~-722
6.915]1 T6E-C2
6.941139¢£~)2
6.9478322E-02
6.954571E~02
65.957288E~C2
6,961 14E~52
6.962758E-52
6.964126E-32
6.965H06E-22
$.966892E-02
6.9€827CE-02
6.967579c=42
2.787861E-01
6.968270£-32

LAMBDA-S LAMET
T+9000CNE~CL1  3.CNQ000E-C]
M=0 Pst
2.525362E~01 1.332548E 99
ATT, ANG FR/PALD
4.370880F Ul 1.462251€-C3
CKXY/PALD CWlxy/PALD
64786915€E~02 ~-1.350596E~G2
CKYY/PALD CwCYY/PALD
8.6615825~02 1.377589€E~01
EFF.DAMP -1 EFF, DAMP=2
2.046240E~01 7.092146E-~C2
CMw2/PALD CMW2/0PLD

2.787308€-01

1.114923€ I

MCWee2/PALD= 1,164457E-)1

PECESTAL CAMPING= 2,CJ00005-21

FREC/W
1.0C2CCrE-0S

(SeGAM) 2

4.599998€-02

CHW2/PALD
EFF.STIFFNESS

CMW2/0PLD
EFF.DAMPING

=262~

ECCENTR,
20930%00E=-02

ORIF.PR.RATIC
9.514G05E-01

FT/PALD
1.397788€E-03

MPA/MU2L(R/C)S

2.229847E 72

MPA/MUZ2L(R/C)S

ERROR
-4,933395€-03
~4.933395€-03
~44933394E-03
=4.93339%E~-03
~44933375€-03
~4,933216€-03
-4.932681E~-02
~4.931412E-03
~4,915548E-03
=4 .862009E=-)3
-4.735124E-03
~4.48T7395E~03
-4.1640781E-03
~3.695483E~03
«3.151759€-03
«2.509956E-03
~1.77C4264E-03
=1.447346E~03
~1.108731E-03
~7.546133€-04
=3.85)241€-04
-2.992138E-904
«1.944393E-4
-1.558591E-04
-1.171258€~(C4
~T.823431E~-CS5
~5.873647€E-05
-3.919589€~L5
~1.361728E-CS

3.224159€E~19
~9.813994E-06

~1.368790€-~12

ERROR

~4.494735E 04
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B W s o

-y

3.000000E-25
10.00GC00E-CS
5 .000007€=24
10.000C0CE~04
3.0C0C00€-G)
6.000CO0SE~C3
10.000000€~C3
3.000000€-02
6.000C0TE-02
1.000000E-01
1.500C0CE-C1
2.000000E-01
2.500C00€E-Q1
3.000000€-01
3.5C0000E-C1
4.00000CE-01
4.200C00E-01
4.400000E-91
4,600C00€-01
4.800C90€E~-01
4,700007€-01
4.675185€E-C1
4.85C0C00E-01
4.825CCCE-C]
4.827751E-91
4.90000NE-D1
4.92CC00%E-U1
¢ +940QCQCE-C1
4.9¢90C02E~C1
4.970CACE~-2]

4.999992€~02
44999983E-02
4.999917€-02
4.999834€~-02
4.999501E-22
4.998998€E-02
4.998320E~02
4,994799E~02
4.989048E-02
4.980264E-02
4.966765€E-02
4.948962E-02
4.923927€-02
4.885526€E-02
4.818385€E-02
4.669986E~02
4.544253E-02
4.370706E-02
3.628871E-02
~6.733C18E-02
2.5C3681E-02
2.920510€E-Q2
1.978175€-91
~-1.140688E 00
1.270730€ 03
3.598949€-02
8+616499E-02
7.90416TE-02
7.543107€-02
T.369077€-02

7.3134406-02
7.313385E-02
74313316€-02
74312765€-02
7.3120786-02
7.309331E-02
7.3052396~02
7.299818€-02
7.273359€-02
7.2357286-02
7.189382E-02
7.137624€-02
7.092734E-02
7.054729€-02
7.0236186-02
6.999411E-02
6.982114E-02
6.977129E-02
6.973254€-02
6.970487€-02
6.968825E-02
6.969517E-02
1.336168E-01
6+969735E-02
6.968585E-02
6.9G8693E-02
5.452098E 03
6.968678E-02
6.968413E-02
6.968361E-02
6.9683196-02
6.968294E-02
6.968278E-02

-263-

6.989497E~02
6.988941E~-02
6.988245€-02
6.982681E-02
6.975726E-02
6.947903E-02
6.906166E-02
6.8505106-02
6.5721386-02
6.15%291E-02
5.596658E-02
4.898883E-02
4.200385F-02
3.5012686-02
2.801635€-02
2.1015886-02
1.401231E-92
1.121625€-02
8.407920€-03
5.605391E-03
2.802725€-03
4.204CT6E~03
5.344673€-01
4.551807€-93
2.102047€-03
2.452388€-03
2.180839€ 04
2.4138386-03
1.4013676-03
1.121G90E-03
8.408194E-04
5.605491 E=0%
4,204111€-04

I LV R S At L SR
W

1.068935€ 02

4.361678E€ 06

<9.J09510€ 03
~4,502197€ 03
-9.010618E€ 02
-4,503558€ 02
«1.4997T1€ 02
~T.487353€ 01
-4,483333€ 01
~1.478160E 31
-T.259640€ 00
-4.235%5936€ 00
~2.700306€E 00
=1.901G8%€ 00
-1.380375€ 00
-9.775532€-C1
~6.177224E-01
-2.789918E-01
-1.610079E-01
=60 730940E-02
=1.006437E-C2
2.012720€-03

1.860958E-03
-1.417531E-06
-2,239775E-03

2,382574E-04
~2.273591E-37
-9.241L6T7E~03
~1.277892€-02
~1.672000€E~02
-2.105232E-02
-2.336124€E-02
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[

R

4.980C0%€E-01
4.99000%€-C1
$.0C0C30°€E=-01

7.217921€-02
T7.085406E-02
6.5682T70€E-02

6.9682764E~C2
6.968276E~y2
6,96827CE-02

PECESTAL CAMPING= 5.0C00CJE-OL

FREC/W
1.0C0CCTE=-GS
5.NCNCNE=(S

1C.2COCLTE-0S
5.CCUCINE-L4
10.C20CYTE=04
3.07CITE-03
6.C2CC2TE~3
10.CC (3 E-J3
3.GCCLIIE-L?
64QNCCINE-"2
1.CCASNF-0 1
1.305C0OPE-"1
2.9COCCOE-01
2.500C3CE-J1
3.007000E~-21
3.5CnCCNE=-]
4.,C00L3NE-D]
4.2C0CO%E~C]
4.400C20E-C1
4.320€0CE-01
4.252980€-C1
4.600CICE-UL
4.500CCCE-C)
4.590629€-C1
4.800C20E~C1

(SeGAM)2
4,999994E-02
4,999979E=02
4,969859E-02
4,999793€-02
4.999586E-02
£.998753E-02
4,997494€-)2
4,995T7T96E=-N2
4,966954E-22
4.G7T241RE~(2
4,549GR3E~-(C2
4.914928E-02
4,R67561E-C2
4. T98636E-D2
4,687280E-02
4.474341E-02
3.9Cu330E~-02
3.2508475E~02
1.2678B14E-02
2,605859E-02
2.96C905E~02
8.335150E-01

-3,027189€E-02
7.155573E 01

8.694693E~02

CMW2/PALD
EFF.STIFFNESS

Te31344)E=-02
7.313385€~02
Te313316E-02
Te312765E-32
T.312078E~02
T7.309331E-02
7.3:5239€=G2
T+299818F~y2
T.273359€-92
Te235720E-G2
7.189382€E-02
T«137624E-02
Te392734E~22
T.954729E~02
T.J23618F=32
6.9994ilE-02
6.982114E~-C2
6.977129E-32
6.973254E-02
6.975052E-02
1.636959€~01
6.975993€-02
6.9T0487E-02
6.971728E-02

3e395471E (2
64970591E-C2

248527228~ 4
le401352€E~04

Co

CMW2/0PLD
EFF.0AMP ING

6.989497€-02
6.988941E~02
6.988245E-02
6.982681€-02
6.975726E~C2
64947903E-02
6.506166E-02
6.853510E=02
6.5T2138E-02
6.154291€E-12
5.596658E~C2
4.89R883E-02
4.2C.1335€-02
3.501268E-02
2.801635E6~02
2.101588E-02
1.461231€-02
1.121025€E-22
8.407920€-03
9.8C9118E-03
64547835E=01
1.046793€-02
5.605391E-93
7.006675€-93

1.358188€ O3
5.736705£-03
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MPA/MU2ZLIR/C)S

1.309567E 02

2.7T16377E 5

=2.576278E-92
=2.325%516E-72
=3,383685E~72

E£RROR
=1.8J01912E 04
=3.605347€ 33
-1.8%32223€ 93
-3.613328E C2
=1.8%0926€ 32
=5.992837€ 91
~2.988602€ 01
-1.786884E 01
~5.850193€ 00

" =2,862366E 30

-1.633696E 20
-1.019423€ J9
-6.989372€~C1
-4,856614E-C1
=3.175511E-01
~1.5662452E~-01
-3.811148E-02

=5.637898E~-03

T.786743E-03
3. 74599UE-G3
=24 791046E~0Q5
=9.,J15465E-J4
6.210613E-03
~9.609195E=)6

~2.957141E~N2
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" hig, P

PR
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4.850070E-01
4.9000CCE~D1
4.9200C2E-21
4.940C0CE-Q1
4.960C0CE-Q]
4.970CCOE-01
4.980C0CE-C1
4.990C€0CE-01
$.000000£~G1

¢213430E-02
7.55238%E-02
T7.407165€~02
7.278582E-02
T+163938€-02
T.111142€-02
T.0610T7T1E-02
7.013513E-02
6.96827T0E-02

6.968825€-02
6.968585E-02
6.968413€-02
6.958361E-02
6.968319k-y2
6.968294E~92
6.968278€-02
6.968274€E-02
6.968276E~-02
6.968270€E-02

PEDESTAL CAMPING= 2,00000GE 09

FREQ/W
1.000C0CE-0S
5.000000E~05

10.00000CE-05
$.0C0CONE-04
10.0C0C00E-04
3.000000E~93
6.000C0CE-Q3
10.000C0NE-03
3.000C0%E-0Q2
6.0000C009E-02
1.0000CNE-01
1.500C0NE-)1
2.000G00E-¢1
2.500CCRE-J1
3.JC0C00E-D]
2.750C2%E-C]
2.811421€-01
3.5C0C02E-CL

(SeGAM)2
4.9999836-02
4.999917€-02
4.999834€~-02
4.999172E-02
4.998342€-02
4.995003€E-02
4.989942E~02
4.983091€£-02
4.946902:-02
4.8R5431E-02
4.785214€E~02
4.613578E-02
4.346099€E-02
3.859127E-02
2.667990E-02
3.422371E-02
3.276669E-02

-4,951887€E~-02

CMW2/PALD

EFF.STIFFNESS

Te313440E-02
7.313385€-02
T.313316€-02
74312765E+02
7.312978E-02
7.309331£-02
7.305239E-02
T7.299818E-02
7.273359€-02
T.235728€E~02
7.189382E-02
T.137624E-02
T.092734E-02
7.054729E-02
7.023618E-02
7.038309€-02
4.1%5918€-01
T+034542E-02
6.399411E-02

~265-

2.802725€~-03
2.102047€-)3
1.401367€=-93
1.121C90€-03
8.408194E-v4
5.605491E~04
4.2G4111E-C4
2.8C2722E-04
1.491352E-04
0.

CMW2/0PLD
EFF.DAMPING

6+389497€E-02
6+988941E-02
6.988245€E~02
6.982681E-02
6.975726€-02
6.94T903E-C2
6+906166E-32
6.8505106E-02
6.57213€EE-32
6.154291€-02
5.596658E-02
4.898883E-02
4.200385€-02
3.501268E-G2
2.801635€E~02
3.151510€E-02
1.658367€ CO
3.065562£-902
2.101588E~-Q2

MPA/MUL(R/C)S

3.316T734E 02

1 1T Iy,

=3.91C153€-02
-4 930543E-32
=5+354350€~02
~5.785798E-22
=64223691E-32
=6.444930E-02
~6.667459E~-12
~6.891187E-2
=7.116572E-922

ERROR
=6,52470D5E
-9, 310617E >2
-4.504815E 22
=9, J.UTHSE 21
-~8,4544566E Gl .
~1.49026% 01
~T+392185%E
~4.388U43E
=1.384065E °3
~64327762E-01
=34306548E-01
=1.752784E-01
=9.03C746E-02
~2.998548£-02

1.412863E-02
~5.257838E-03
1.284359E~04
1.681304E-02
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